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AN EVALUATION OF THE METHODS FOR %
;E:: o
RESCUING EVA CREWMEMBERS AND RECOVERING EQUIPMENT v,

®
DETACHED AND ADRIFT FROM THE SPACE STATION ORI

b I. Introduction

In 1963 mankind took a bold step in the explaration of ﬂ;ﬁ, #
space. Specifically, for the first time, man, without the FﬂLﬂga
protection of a spacecraft, took a walk in space. These A
spacewalks later became known as Extravehicular Activities gfftﬁf
(EVAs). Perhaps the most exemplary of these EVAs were the pEBLWAL,
E ones performed by the various United States Skylab crews '?Jﬁﬁ*'
(1973-1974). These crews took the severely damaged Skylab w\}\
vehicle and during extensive EVAs, fixed it to the point -
where it became inhabitable and operational. These EVAs ‘¥
directly led to the unqualified success of the Skylab Viuv
missions (35:42). °

The future holds the promise of the space station. ;’05}3
Initial estimates are that astronauts can be expected to Vﬁfﬁvh
perform 2000 hours of EVA per year in support of this station °

X

(13:147). With safety 1n mind, the National Aeronautics and 5.'

Space Administration (NASA) Space Station Office has asked e
various contractors to propose methods for rescuing EVA Y

v
crewmembers. Additionally, NASA has asked for methods to ’E?:Q:w
recover detached and drifting equipment from the space

station. In response to these guestions,; contractovs ®

s '.:...: TN P N RO AR A TR R AR SN AT iy '-'J':-‘\ .

.
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presented NASA with various proposed solution systems. NAGA
then performed an initial evaluation of these systems. lo
eliminate bias, NASA has requested an outside, 1mpartial
evaluation of these proposed solution systems. They are also
looking for any additional systems which may be used to
answer thelr questions (28). This thesis provides that

impartial evaluation.

Historical Background.

In preparation for this evaluation, a brief look i1into
the history of rescuing an EVA crewmember or recovering
detached and adrift equipment needs to be accomplished. Due
to the lack of information available on the Soviet space
program, this historical flashback will center on thes United
States space program only.

The United States space program expanded into the area
of extravehicular activity on June 3, 1963 when Lt Col Edward
White took a 21 minute space walk from the Gemini 4
Spacecraft. Since that date, the U.S5. has accumulated a
total of 236 hours and 36 minutes of EVA experience in space
(this figure does not i1nclude the 82 hours and H1 minules of
lunar EVA experience) (13:141,3546). In this perioud, the 5.
has not had a single incident of an EVA crewmember biocoming
adri1ft or requiring rescue. However, the .50 space program
15 prepared for such a contingency.  Current operational

planming calls for the Space Shuttle to 1 escue LVN
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PN
crewmembers if they become adrift (11:6465). The probability -_"_.-‘.%:::_'
YA S
g
- - - ™
. of becoming adrift in space however, 1s not the only danger ¥
L J
" 7 : ADAN
facing astronauts during EVA. SaNs
A
o
AL
Space is a dangerous place. Several hazards have been \:.'-j.'{
LY
o,
. e : S AN
. identified which place an EVA crewmember in jeopardy. In a p!
v study by McDonnell Douglas Astronautics Company, four hazards
were i1dentified. These hazards are radiation exposure,
mechanical dangers (micrometeoroids, space debris, and sharp .
-~ . oA
.:, corners/edges)s atomic oxygen (which causes material N
- Lt
degradation), and static charging (15:4-10 to 4-18). In '\.-"','.
~
iy
fact, the entire realm of extravehicular activity i1s beost ‘. -
St
- summarized by Astronaut Pierre J. Thuot when he stated Lhat ':,,
“': :"-:"\."'.
- . AN
"ITt’s [EVA] risky business. Anytime you go out of the el
CACIS
. : Kt
pressure. vessel, now you’re in your own little pressure Py
TN
. vessel, 1t’s risky business.” (37). :_':::::
RS NSRS
,". . |"\..\-’-
As previously mentioned, one of the mechanical dangers ."_\:\j{:
NN
Fa%y) 'D\
is that of space debris. This hazard 15 one of the reasons °
,'il':tf
why NASA is loaoking into systems which can also recover e
P
' o
;ﬂ detached and adrift equipment from the space station. An \::
o
example which points out this hazard occurred during the ®
NS
Skylab 2 mission of May 25, 1973. N
S
: The Skylab @ crew of Conrad, Kerwin, and Welts had teared -t{m
) WG
for several hours to dock with the heavily damaged Skylab LB {
AN
AR
space station. 1t was finally decided that the crew should (:;:*
.':\‘:-':*.
‘. don their spacesuits, open the docking tunnel, and dismantle _é';-#:-’\:i
* Wil
t the docking probe. If these actions did not correct thoe ° !
Wy
P




problem, an emergency return to earth was necessary. The EVA RN

. proceeded as planned until the point when the probe was ERERL).Cy
]

dismantled. During this action, a nut (as in nut and bolt) L

floated off into space. The loss of this nut provided some VD 3

L]

anxiety to the crew; after successfully docking with the

£

Skylab space station, it was questionable as to whether they éﬁ“&}
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could successfully undock without that missing nut. Luckily,
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all things worked out and Skylab 2 proved to be one of the
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most successful of the Skylab missions (13:84).
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equipment can drive the requirement for recovery. Secondly,
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about 7.3 grams (110 grains) and a muzzle velocity (depending

on load) of about 3,000 ft/sec. This gives the .30 caliber
bullet a kinetic energy of 3,050 Joules (30:28). Thus, the
kinetic energy of the floating nut is approximately 70 times
the kinetic energy of the speeding bullet. The damage
LN potential of the nut is now quite apparent.

The U.S. Space Pragram has had a history of equipment

becoming detached and adrift from spacecraft during EVAs.

E§ The example of the Skylab 2 mission pointed this out, but

this problem has occurred since the beginnings of the U.G.

EVA history. In fact, the first piece of equipment to be

iy lost occurred during the historic Gemini 4 mission when a
glove floated out of the spacecraft. Additionally, during
the Gemini 2 mission, a camera managed to float away. The
general conclusion from the Gemini program regarding

& equipment losses during EVA was that if it wasn’t tied down,
it would float away (39). This conclusion led to the
practice of tethering equipment to the spacecraft as 14

C: currently done in the space shuttle missions.

However, the space shuttle missions have had theilr own
problems with equipment becoming detached and floating away,
& this 1n spite of the emphasis placed on tethering.
Specifically, during the 418 Miwosion a footl restramt becam -
detached and floated away. However, it was recoveroed by
maneuver ing the space shultle to a position where Astiyonaut

~
N
& Bruce McCandless could reach out and grab 1t (14) . This wa,
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probably the first time a spacecraft was maneuvered solely to

recover detached equipment. The shuttle missions of 3S1A and
S51C also had problems of equipment floating away, but in
these cases, the equipment was not recovered. The S1A
Mission had several screws float off into space (39).
Likewise, the S51C Mission had a power wrench drift away (2).
Thus, the problem of equipment becoming detached and adrift

remains. This problem has happened in the past and 1t most

certainly will occur in the future.

Future Prospect.

The initial on orbit construction of the space station
is expected to begin in 1994 (35:2). EVA is going to be an
integral part of this construction. EVA will also be an
integral part of the space station’s operations. A McDonnell
Douglas study 1n 1986 (prior to the Challenger tragedy)
indicated that EVA at the space station will fall i1into two
categorivs: EVA for user missions (satellite support) and
FVA for Space Station Maintenance (15:2-17). This study also
projected the total EVA manhours per year that the space
station would support. These manhours are shown 1n Faigure 1.

It should be pointed out that the number of LEVA manhour-,
beang projec ted for the space station during 1ts farat year
of operatinng 19 six times the total US EVA experrence. With

this amount of manhours, 1t can be expected that coguipment

will becomne dotached and requare recovery (28). The need For
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equipment recovery may occur during any phase of the space
station’s operations. However, the ygreatest need for a
recovery system may well occur during the construction of the
space station itself (3). With this in mind, the development
of a system to rescue EVA crewmembers and recover detached
and adrift equipment from the space station becomes time
critical. Such a system should be in place for space station
construction. Naturally, in order to have a system in place,
a decision as to what system will best do the job needs to be

made. This thesis will help address that decision.
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The objectives of this thesis are to: 1) develop a

I

methodology for evaluating solution systems to the problems %ﬁ;ﬁh‘
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of EVA crew rescue and equipment recovery, 2) apply that %ﬁf:k.
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methodology to the NASA provided contractor proposed —nhen
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11. Methcdology ﬁ-‘:’:
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To meet the objective of this thesis, a logical approach \,,Q,. r.:::
oL,
'ﬁ g
for evaluating alternative solutions to the problems of EVA Tl
0 .L"?"L’
crew rescue and equipment recovery must be develaped. —
o
Several key areas have been identified within the development -{:N;AJ:&
R
cf this approach. Specifically, three areas reguire in-deplh Rt
A
knowledge in order to fully understand the methodology this '\."v .
Y
'\ ) LN
= thesis will follow. These areas are: 1) developing an N
gs.:\.:\ ~3
. . ),'V' '\-ﬁ
overall problem solving framework, 2) developing a method to \’}3‘;'{
axdAYa ]
determine the key aspects of the problem and, 3) developing a '"‘Q'!;:'.‘;ﬁ‘
o .
- . e % G
A
method to evaluate the different alternatives. ,C:". N
YO EN
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Overall Praoblem Solving Framework. ::S..g; "y
. . c':'-‘*._é'.
. The first area requiring an in-depth underctanding 1is 'ﬁ":,ﬁ
N e, N N
o "\'F'.’
that of determining an overall problem solving framework ";:3:;);\;
[R. 2 3 L 2
. . . . ]
within which the problems of this thesis can be answered. jj.j:_'._i_'.'_f.‘_
AR TR
- J.-)‘_ -'_.
Due to the fact that the problems require investigation into :\'-"__:'
NARERESAN
-*.'-'.'-“ "-
technology and systems development, 1t is logical that some _-:-,';\-;:':
o
type of system engineering approach be considered for the FSIGR,
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overall problem solving framework. This thesis will wuse the f;:}':‘-:::f
+ o o o
Y
ttall morphology of systems engineerinc wf"'r" >
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Hall Morpholoqy of Sy-stems Ingineecing.  This approach o
s i
) L . . . N \:,\
dealas with the three dimensions of systema engirneer ng. \'\.'A\-_\‘
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. A )
According to Hall, these dimensions are time, logio, and S e
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knowlodge . Hall states that the dimension of thime ceproagonte :\5\:\1\
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“a course structure depicting a sequence of activities 1n the
life of a project from inception to retirement”" (10:156).
Hall defines the logic dimension as being the problem solving
procedure of his morphology. This dimension logically
progresses from problem definition to a solution. The seven
steps 1n this dimension are as follows: 1) problem
definition, 2) value system design (develop objectives and
criterion), 3) systems synthesis (collect and invent
alternatives),; 4) systems analysis (deduce consequences of
alternatives; 35) optimization of each alternative (iteration
of steps 1-4 plus modeling), 6) decision making (application
of value system) and 7) pilanning for action (to implement the
next time phase) (10:157). The third dimension, knowledge,
defines the discipline, profession, or technologies required
to solve the problem (10:156). Sage points out that thegse
dimensions provide structure to systems engineering when
applied to a specific problem (34:6).

In the case of this thesis, there are two related
problems, the problems of EVA crew rescue and equipment
recovery. When the Hall morpholegy of systems enginecring 1o
applied to these problems, an overall framewark for then
solutions quickly emerqges. The time dimension shows that
these problems are 1n the project planning and preliminary
design phase of a project’s life. This means there are many
alternatives to solve the problems, but noct much techorcal

information 1< avairlable on theve alternativeo. Ther logie
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dimension describes the path to faollow in solving the
problems. For this thesis, portions of the problem
definition and systems synthesis steps have been provided by
NASA. Finally, the knowledge dimension shows that the areas
of astrodynamics, life support, and operations research will
play an important role in solving the problems. For these
reasons, the Hall morphology of systems engineering has been
chosen as the overall framework within which to solve the

problems.

Method for Determining the Problem’s Key Aspects.

The second area of methodology is that of developing an
approach to determine the key aspects of the problems
associlated with EVA crew rescue and equipment recovery. One
technique which shows great promise in this area is that of
concept mapping.

Concept Mapping. Developed in the early 19280s as an
educational tool, concept mapping has the unique ability to
capture an expert’s conceptual structure of a problem
(17:Ch3.p10). Concept mapping does this by developing a
visual representation which shows how the various aspects of
the problem are linked toqgether. These visual
representations are known as concept maps and they pravide
threce majar benefits. These bonefits are: 1) the
1identification of a small numbor ot key 1deas within a

subject, 2) a visual road map of the subjoect, and 3) a
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schematic summary of the domain of interest (17:Ch3,p3).

Perhaps the best way to fully explain a concept map 1s
to provide an example. The example map (Figure 2) examines
the area of judging the quality of meat and was prepared for
a course teaching meat science (2:Fig 2.3). This map shows
that various concepts within the subject are connected. This
connection 1s done through the use of linking words. For
example, the concepts of "Meat Quality" and "Judging" are
linked together by the connector "can be."” This forms the
complete thought of "Meat gquality can be judged." The power
1in concept mapping is that several complete thoughts can be
linked together. For example,; the concept of "Criteria” is
linked to the concepts of "Color," "Texture," "Firmness," and
"Marbling.” These links not only show the relationshipe
between the concepts, but due to their position, also
indicate that this is a hierarchical relationship. Dther
links show lateral relationships between concepts. NN
example of this is the relationship between the concepts of
"Grass" and "Grain” 1n that both develop "Intermuscular Fat.®
By examining the relationships in this map, someone who does
not know anything about the subject of judging meat guality
can gain a good understanding of the subject.

Concept maps are developed through face-to--face
interviews. In these interviews, the person doing the
Iinterview tries to caplure the conceptual knowledge of the

person being interviewed by generating a concept map ot the

------

s
ARV
- .'l .i ‘.
R RN
Hﬁvﬁﬁ}

o':'::'.'::.':.'

X
-

.\ >
s

o
X5 %S

bty R
‘;.4.

AT
Bl
T,
r- ‘f
}fay ‘

9

Ay Ay
; {-’}1;:.3 -’.."".
544 A $
R .-‘.{_."‘.- A

o s
r
L}

1‘.[.'.:‘-‘-
N_E_ 8 'ff'
{1:} l.;‘ ) ‘.'1 1
RIS

>

“»
.o
»
"‘
v

«
L |

@
{

'~ '

T T N T
. .

io

f ':&.
'Vj

‘< 3 ‘..r ." .
‘o .}.' oy

d.. .l' '.'
‘.. \

L ¢
.

LY

)
(é?
T,
XL

‘rﬁ’
x

%
ko




MEAT
' QUALITY

can

be
C JupGep

MARBL ING

Q MUSCLE be indicate
w LL.OCATICN
can
be used
for

_OCOMOTION ) FEEDING

> \&

LS is usually s can an can
be be be

is !
COARSE b
$ BRAIN (GRASS et thes (GRAITRD o

\ is is develops is
> Ve is usually
B; TENDER [¢ TOUGH INTERMUSCULAR

" FAT

is
determines

L
Iy
ﬁ*

)
“

Y
e

X
oy

[

AN
L2

’
Iﬁﬁff

5

L4

cooked cooked

, &
n HEAT
&

such

as
TENDERLOIN

J
N
)

PO
E/‘.fq'

&

Pt
»
o

’
.
\'\r &
* -.“-ﬁl.~

‘s

“a_1
ree
;?
)
[4
)
L]

5
)
<
[3

s
BOTTCOM ROUND

Fe
<

Fig. 2. Example Concept Map (9:Fig 2.5) ) 0

v

v.'
o
e

13

TR
7
;ﬁﬁﬁ}'
5-

“2 b [
or
&

B e L A A S R A S

B



;'!‘l'.’l‘. |'!, g "’

(.
.

sub ject being discussed. There is a lot of interface and
feedback between the interviewer and the person being
interviewed during the development of the concept map.
Because of this, care must be taken to insure an effective
interview. In his thesis, Capt Mike McFarren details the
three steps of effective concept mapping interviews. These
steps are 1) scheduling the interview; 2) setting up the
environment for the interview, and 3) managing the interview
(17:Ch4,ppS,6). All of these steps are aimed at the goal of
capturing the expert’s understanding of the problem and
recording this understanding in the form of a concept map.
Perhaps the best advice on developing a concept map was
provided by Capt McFarren when he said that concept mapping
is an art which needs to be practiced (14). By practicing
this art, the ability of the interviewer to recognize
concepts, successfully link them together, and form a
comprehensive concept map becomes an acquired skill.

In this thesis, the problems of EVA crew rescue and
equipment recovery are rather complex. There are many
aspects to the problems and these aspects often relate to
each other. Because of this, concept mapping appears to be a
viable method for capturing the essence of the problems.

Thus, this technique was used in thio thesis.

Method of Evaluating Different Alternative Solutions.

The third area required 1n the development of a
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methodology is that of developing an approach to evaluate the

different alternatives which solve the praoblems. This
approach was used 1n the systems analysis step of the Hall
morphology of systems engineering. The analytical approach
which was used in this thesis is the Analytic Hierarchy
Process (AHP).

Analytic Hierarch Process (AHP). As problems become

caomplex with different related factors and with many
alternative solutions, the relationships between these
factors and alternatives often become blurred. According to
Saatys what is needed is "to organize our problems in complex
structures which allow interactions and interdependence of
factors but which also allow us to think about them one or
two at a time" (33:140). Analytic Hierarchy Process is a
framework which allows problems to be structured this wavy.

The three principles upcn which AHP is founded are
decomposition, comparative judgments, and synthesis of
priorities (33:141).

Thé principle of decomposition involves decomposing a
complex problem into a hierarchy. This hierarchy 1is
structured such that each level has only a few manageable
elements and that these elements capture the major components
of the problem (41:4642). These major component elements aré
then decomposed 1nto their representative sub-elements. The
hierarchy has two roles. The first role is to tranaform a

complex problem into one which can be easily understood. The
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second role is to break the problem into functionally similar

ffﬂ&{

4&%&;
LLPaEOTN

s
hJ
hJ

o
3
f

g levels (29:238). This breakdown allows for the next

e

v

LY

principle to be applied to the problem.

LY

:l.:l"

[#
ciid

Thke principle of comparative judgments i1s one of

5 %
o
a N

determining priorities. Basically, this principle calls for

XY
L0
2

. the decision maker to evaluaite each set of elements within a

'-"
l.,
»xﬁfu'

]
NS
level (i1n a pairwise fashion) with respect to an element 1n {ﬁ;}f
ARSAY
o
. L ) oA
the next higher level (3B:62). These pairwlise comparisons ji"‘
®
MY N . . - . h\—'\'f\ (]
i. indicate the relative importance (weight) of the elementis Q N
BSOS
within a level. These priorities are formulated in a d?bﬁ'
};ﬁb
comparison matrix (33:141). After all the elements on all :”NJ
‘;'\‘."D -
~, the levels are prioritized, the synthesis of the priorities ::ﬁ;}
~ I
'\'i B '.h:'.tr::
can then begin. ?fﬁ?:
RN
According to Vargas and Dougherty, the synthesis ; l:y
principle calls for the generation of composite priorities Z:?u'
. oA
. DA
:= for each eiement. This generation involves a level-by-level Netee
N
aggregation of the palrwise comparisons. The procedure used ;~‘-'
>
to aggregate i1s through the use of eigenvalues or that of =
RS i i e
KN calculating the geometric mean (38:65). The resulting e
." \~.'

composite priorities represent the decision maker’s judgments
as to the relative importance of the elements in the

hiorarchy. This principle 1s important for two veasona. The
f

et

first reason 15 that once all the aggregation is comploeted,
the composite priovities for the lowest lovel of the
hiervarihy ucually point to the preferred altecinative

solution. Secondly, this process allows for o consiatoncy
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check of the weight factors used in the analysis (33:142).

As seen 1n this discussion, AHP is a simple yvet powerful
approach to solving complicated problems. AHP 1s
conceptually simple. It follows the basic divide and conquer
principle. However, AHP also allows for the complexities of
a problem to be tackled. Despite all these good qualities,
AHP is not without criticism. One of the major problems of
AHP 1is that the technique does not guarantee the validity of
the weights used in the analysis (12:728). The reason for
this problem is that the welghts are based on the subjective
reasoning of the decision maker. The decision maker 1s human
and can change his/her mind. However, AHP allows for this
inconsistency as part of its theory (33:144). AHP also
suffers the problem of defining exactly who the decisiun
maker actually is. In the case of multiple decision maker<s,
Saaty recommends that the aggregate weight be determined ULy
taking the geometric mean of the individual weights (33:1051).

In spite of these problems, AHP appears to be a
reasonable approach to the problems of EVA crew rescue and
equipment recovery. This reasonableness i1s due to the facl
that the approach i relatively simple to understand and that
the breaking down of the problem into its hierarchy tends o
help with the definition of the problem. This ability to
better define the problem can often reduce tho percelved

complexities of the problem.
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Summary.

This section has developed the methodology that was used
in the development of solutions to the problems of EVA crew
rescue and recovery of detached and adrift equipment from the
space station. Specifically, these problems were examined in
the light of the Hall morphology of system engineering. The
technique of concept mapping was used in the problem
definition and value system design steps of this morpholoqgy.
Alsa, the Analytic Hierarchy Process (AHP) was used to
provide the systems analysis of the proposed solutions to
these problems. Thus, this thesis demonstrates the
techniques of concept mapping and AHP within the Hall

morphology of system engineering framework.
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As Indicated in the literature review, the prablems of
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EVA crew rescue and recovery of detached and adrift equipment

L 3
)
)

from the space station are still in the project planning and
F preliminary design phase of the project’s life. During these Ay
”
phases initial system concepts are developed based on a :
z

thorough understanding of the problem. The concept mapping bl

activity helps explain the complexities and relationships

A
O
A
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,:‘.
AL
77

within the problems. However, a little technical background

22,
)

(A

’

oy
Dy
¥

*,
.
.

into the areas of the Extravehicular Mobility Unit (EMU) and

'y \r\-

- orbital mechanics is required to fully understand the &%%23
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Extravehicular Mobility Unit (EMU) .

l1 ‘l‘.l Lt
8, LY
e
Pd
X

When an astronaut is performing EVA,; the Extravehicular

P
L,

e W N

Mobility Unit (EMU) 1s providing two essential functions for
the astronaut. The first function is to provide a highly
mobile enclosure (space suit) which allows for tasks to be
performed in space. The second function is that of life
support. This function consists of providing a controlled
pressure envivonment, providing clean oxygen for breathing,
maintalining temperature control, and providing for waste
management (4:3) . [n the current EMU, thecse life suppor t
functions are all contained within the unit (wWwhich resembles

a backpack) . It is expected that the space station EMie will
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be similarly configqured (1%9:3-1). Ihis configuration allows

for EVA withaut being tied to umbilical cords which have
provided these life support functions in the past.

The problem with this type of system configuration 14
that the EMU can only carry a limited amount of the gasses
and fluids which are consumed by an astronaut to sustain
life. The most critical of these consumables 15 axygen. The
current EMU has an oxygen supply which will last for a
maximum of seven hours (24:1.2-3). Current studies for the
space station’s EMU project approximately a nine hour oxygen
supply (15:3-3520:4). With this limit on the amount of
oxygen avallable, EVA crew rescue bhecomes extremely time
critical. [f crew rescue 1s required during the latter
portions of an EVA, there will bhe a finite limit on the
oxygen available to the crewman requiring rescue. The worst
scenaric for rescue would occur at the end of a lypical EVAN
when there is only 86 minutes of oxygen remaining in the tZMU
(21:7). The amount of consumable oxygen thus sets a limil aa
the time available for EVA rescue. A second factor which
could cause a time constraint for rescue 14 that of a
malfunctioning EMU.

LLike ary piece of hardware, the EMU 1, uasceptitile to
malfunctions. Past history has shown thio. Un the fFafth
space shuttle mission, scheduled EVNAS were cancelled bocaase
ot space suit malfunctiaon.. Une of thewe mal functions

involved the tMU pressure regulator providing lower than the

’

N &Y

"2’

)
4

,
P

N

rLrEN

Y

LiF'd

Wa¥ats

4

AR

N
Y
P

,
£
o
Lo gl
| 58

AU
P A f‘
Pl
-.f.'l.‘n.;\ A
*_ _1 _ ‘-."“‘l

%
<
)

R
.' .Kl'

5"
+
A0
.'

A
A
S

LY

L

4

l".‘:'

r

LY

v

l""
oy
L &4

Y

X
ES

0y
's
1

LY

c e
.

P

* \.-I -' ‘.
)
Sl

LA
'5§Jﬂ.
PR I,
oL 4
e

N

%
]

’

B
(A

, .
LN
o s,
.

P
fals

s
'y

L R R S A |
el
2 5, "‘1.
red

.I 5
LA

AN p e p P B A A R p e p B Pt Lt A p o p tp e
B N S o S (N R SN N



ATa el tRE ek Vol B a8 bl ey Sot 0P TR taboatpag’ Mgt Ve ath abh Vs aUa-alatatp a8s s Rtaban $at Bat S0k ub (a0 Bat £20 gah * gab @40 tab ot

desirad 4.3 psi. The other malfunction 1nvolved an
i improper ly operating fan. This fan 15 needed to cirrculste
air for breathing and supplementary cooling to the astraonaut s

(7:73.72). Although neither of these malfunctions would have

been immediately life threatening had they occurverdd durireg an
EVA, they could have caused an unscheduled termination ot the
EvA. The space station EMUs are expected to be a higher

pressure, mors advanced version of the cuirrent EMU (15H:4 0 o

n
L . -
. 4 -3) . Malfunctions 1n this newer model could also cause b
termination ot EVA. Although these malfunctionyg may not
cause the problem of dratting EVA crewmember«, thoy will )
'}.’I*I
. AN
.. impact on the rescue operatione for those advift crewmemtoer . R NOIN
) NN
) NS
A such, the EMU needs to be acknowledged as a player o Lh ._-:‘.\-'.‘-'\
A
DA
problem. | ]
LATATr A
_'I'_'-I':z:‘
With this btiochnical baclkground about the EMU complote, ._:\-";‘-,-
. --:.":-.':\'
: | TN
tt 15 now Ltime to move 1nto the area ot Orbital Mechaaros ool RO
. _',\'\
1ty 1tmpacvas on the piroblems. .,!,A,,
e
A
ASAR
- ~'.-f' &
NN
, NI
L. Orbital Mechanicoe. AN
The orbital mechanics of objyects departong the pae
station play an amportant role 1in defining the peoblome, The
tmatiral veloo bty and annantaial dicecbtion of an obyeo boderon Lo
the spate stabtron dotermine the ob oot 7o orbrtbal
charac teeraatye . Thoeoe charas toey b b pver Mhoe b orcuae oy
FECOVET Y SO eTan Lo, Thaas s an examinabion of bthego s biral -
A

velocrties amvd o taral dayvec baong yveeda to by condoe Lo o
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order to fully understand their ampact on the problems or /A
crew rescu? and equipment recovery.

In January of 1987, NASA conducted a study on the
dynamics of IEVA crewmembers i1nadvertently separated from the
space station. This study involved the determination of
initial velocities and rotation rates associated with various
push-otf stcnarios while in a weightless environment. The
push-off scenarios consisted of imparting a force to a
wtationary structure by pushing off with one hand, two hoands,
one leg. or both leqgs and measuring the resulting velooy Lo,
The weightless environment was simulated by flying a HO-135
through a trajectory which simulates weilghtlessness. 1Two
lmpnrtant. results were obtained from this study. The fi1vat
was that the 1nitial velocity of separation averaged lo boe
2.2 tt/sec for a suirted crewman. The second reoult 1ndicatbed
that there is always some type of tumble ascociats=d with
these pu-~h-offs (23:7). Thie tumble 1o due to the faszt that
1t 15 almout impossible to impart a push-off force directly
through the crewman’s center of mase. Using thoe rooul bty ol
thies study, 1nitial orbital characteri1atics woere dotormined
for an VA crewman cepay ating from the <pace statyron.

All the orbital charactecistics studied ane Lhe o ae o
station as the rveteveiv e point foy the calculabion,. Thaos e,
done becau~e Lhe problems of FVA ccew roscuan and egupmern!
recovenry call four the retiurn ot the object/Zor ewman to the

opace station. Ao auichs a coordinate oyatom F tgur e ) 1,
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established with the space station at the origin, the x-ax:s
. pointing 1n the direction of the space station’s velocity
) vectar as 1t aorbits the earth, and the z-axis points 1n 4
direction perpendicular to the x—-axis but directly away from

the earth’s center of gravity. Thus, a measurement of the

-8

distance to the earth is found i1n the minus z direction. The
y—axlis 1s perpendicular to both the x-axis and z-axis and

indicates the direction of a plane change. Calculations of

% orbital characteristics are based on the space station in a
circular orbit at an altitude of 292 miles with an orbital
period of 94 minutes. The space station is also assumed to

2 be always orientated in the same direction with respect to

-

B the earth (19:19,25). With these assumptions, orbital
characteristics are calculated for an initial velocity of 2

. ft/sec for an object in the purely x, y and, z-axis

pa

b directions.

With an initial velocity of plus 2 ft/sec in a pure x-
axis direction, the objects orbital characteristics change

& the original circular orbit to that of an elliptical orbit
(Figure 4). This orbital change causes the object to draift
away from the space station at a surprising rate. In fact,

iy at the end of 20 minutes, the object is approximately 2700 ft

o

. away from the space station (in the x direction) and moviing
at a relative velocity of 7.2 ft/sec (20:4). AL Lhe ond of

. one orbit (24 minutey) the object will be approximately

.. 34,000 ft (&L.44 miles) away from the space station and
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departing at an ever 1ncreasing rate (235:4). (Migqure 9 shows

the relationship between absolute range and time due to this

pure x—-axis 1nitial velocity.
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3. Space Station Coordinate Syastem (192:19,03)
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done for an object within an

15

A similar analysis

in the pure y-axis directiaon

1imitial velocity of 2 ft/sec

The orbital mechanics of this

from the space station.

The

(Figure &6).

situation describe a plane change

1s that

interesting aspect of this purely y—axis direction

twice

the orbits of the object and space station cross paths
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The maximum range

Figure 7 plots the absolute r

the object and space station.

each revolution.
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Fig. 7. Y-Axis Orbital Mechanics Effects
Absolute Range, +y = 2 ft/sec (25:6)

The analysis is also done on a purely z-axis basia.
Again, the i1nitial velocity is 2 ft/sec. In this case, the
object and space station cross paths once an orbit (Figure
B)Y. The absolute range is found in Figure 9 and has a
maximum value of 7,200 ft (1.36 miles) (25:8).

This analysis shows the complexities of the orbital
mechanics for the praoblems of EVN crew rescue and ecquipment
recavery . These complexities are especially true if one
considers that an object separating from Lthe opace obtation
will most likely have velocity components in all thy eo awial
directions and thus have an extremely complicated orbit with
rospect to the apace station. This analysis alno show, that
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a separation with an x—-axis compaonent can result in the
object moving quickly away from the space station. One of the
conclusions of this analysis is that the orbital mecharnics
become more complex as the object moves farther away from the
space station. Therefore, the quircker the response to an
object departing from the space station, the easier the
rescue/recovery operation will be (36). Because of these
complexities, each separation must be looked at on a case-by-
case hasis. With this technical background completa, the

problem can now be defined.

STATION

Mig. 8. Z-Axi+, lrajectory (20 :77)
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Concept Map

The approach taken to define these problems was concept
mapping. Specifically, with the help of the NASA Space
Station Office at Johnson Space Center (JSCY, ten
knowledgeable persons were interviewed independently and
concept maps of their views on the problems of EVA oiroew
rescue and equipment recovery were obtained. Theso
knowledgeable persons included project manageres, program
engineers, and astronauts,; all of whom had expericnce with
ei1thoer EVA or space rescuoc syotoems. Individual concopt map-,
woere generated during a three day visit to I6C.  These
individual concept maps were combined to form a consolidaleod
concept map of thoe problem,.
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One of the concerns during the generation of the
individual concept maps was that of the inability to focus on
the problem. To this end, an 1nitial (pre-concept map)
survey was conducted to help attain this focus (see Appendix
N). Once this focus was achieved, the interview for the
concept mapping began.

These interviews proved to be of great value 1n defining
the problems. The i1ndividual concept maps had some overlap
among them (which was expected), but they also tended to
center on the area the knowledgeable person felt most
comfortable with. This indirectly allowed for the gene ation
of a consolidated concept map which encompasses the untire
realm of the problems.

The consolidated concept map for the problems of EVA
crew rescue and recovery of equipment detached and adrift
from the space station 1s found 1n Figure 10a, 10b, and 10« .
In the generation of this map,; the problems were brokoen down
into the three seclions. This breakdown occurred more by
chance than by actually being planned. But the breakdoen
does fit extremely well 1nto the Hall morphology avid show
the flexihility of concept maps.

Seoveral impor tant oboservations need to be made with

respect Lo thege concopl mapes. Firet of all, this corncent
map 15 a4 consolidation of ten individual concept mape. (AT
such, srmilar andividual 1deas were consolidated. Sume of

theoe individual 1doas went anto greatoy detarl than 1o foond
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were

he consolidated concept map, but they are all

rsented. Secondly, the cunsolidation of the individual
ept maps was done by the author. Hopefully, no biases

introduced 1nto the consolidated verasion. Thes

elimination of any blasers 16 a reason why thisg consolidated

concept map should be used as the wtarting point for a
subsequent 1terative analysi1s to the problems. The final
observation about the consolidated concept map 19 1ts powen

to r
sepa
1ink
prob
and

of t

epresent the problems. The ability to link several

—ate 1deas to one central 1dea and easily display thae,
age proved to be of enormous value 1n understanding e
lems . The consolidated concept map shows all the facto.
relationships whaich affoct the problems,. However 5 come

hese factors need to be highlighted.

The problem definitron section of the consoliidated

concept map (Fi1gure 10a) <hows overal differences helweon

equipment roecoviery and EVA Crowmen e one . Farab, when the
separated object 14 an EVA (rewnember o o defainate btime Jaima
for rescue 1% establiched dae to congumabloo. s may ot
be the case for detached cquipmoent . Goecondy a separ atbtod Ve
crewmember 1 a rather large object. Thia means that hoe/che

15 easienr to track than a omall object, lTike a vty wouldt by

ftvar

dy 1t wa, folt that cortarn adrafl objocts could peeaen?

a hazard to the space station, but might ol boe o war the tho

effort to recover or cortid boest bLe recovered at a later Lime

(3).

Thio option wouald ol exiot for v ew 1 escue.
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Additionally, this decision area points out the scenario

dependance of problems. The type of object adrift, the
object’s orbital characteristics, and the object’s
probability of returning to the space station all determine
1f the object will be rescued, recovered, or rendered non-
bazardous. These object characteristics are all scenario
dependent.

The consolidation of the individual concept maps pointed
out that these are basic system requirements which all
solution systems must meet. There are two basic system
requirements for solution systems to the problems (Figure
10b). First, the solution system must get to the adrift
object (EVA crewmember or equipment). This can be done by
either having the system move to the object (as a free tlying
system would) or having the object move to the system (as in
the case of a safety net). The second basic requirement 1i-
to either return the object to the space station or to place
it 1n a safe orbit (a safe orbit 15 one with zero probability
of the object hitting the space station). A third basic
reguirement, which 1s not specifically stated in the concoept
map, but rather i1implied, is that the solution system muot
operate over a range of distances from the space station.

The soulution system must be able to recover ohjects that are
both near (within 100 ft) or far (distances where orbital
mechanies play an impor tant role). With these basic systoem

regulirements, adenti1fied, several factors which determine the
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systems design can now be identified. The consolidatad

‘ concept map identified five system design factors. Thooe
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factors are safety, response time, reliability, availability,
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and maintainability. These factoras form the craiteria on
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which the various solution systems will be evaluated.
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It 1s interesting to note that since the problem 15 1n
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the project planning and preliminary desiqgn phase of Lhe
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project’s life cycle, the knowledgeable persons at NAGA d1d

v

not feel that cost was an important criterion. Appareni v,
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this factor becomes more important as the sglution systems
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becoms better defined. This appears to be based on the
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premise that the i1deal solution gystem will be the lea.t

.-' -
L s
Yy

3

expensive solution fram a list af systems which all meel the
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problem’s basic system regquirements. The generat:on of thi,

list of possible solution systems i« also seen in Lthe concept

map .
Numerous salution asyutems Lo the problems wer:e
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identificod 1n the 1ndividual concept map<s. The gywstom TR
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- synthesi1s section of the consolidated concept map (Faqgure ._\:.\.‘-,"
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10c) shows Lthe characteristics of these oyastems aond poovides, o
some examples. The breakdown of the solution systems nato s
}: short range, medium range and, long range 14 done tao andicatle -.
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1s also scenario dependent. A short range system could not
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". be used to recover an object which 1s at a long range.
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Likewise, a long range system may not be practical for the

short range recovery of an object. Thus, range 1s anocther

factor which 1mpacts the complexity of the problems.
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Summary .

The problems of EVA crew rescue and recovery of detached

l-.
:.:- and adrift equipment from the space station are complex. The
i)
technical backgrounds on the Extravehicular Mobility Unit awd
the orbital mechanics of objects separating from the space
I".
- station help explain some of the key complexitics of the ',.
o . RCAL.
problems. The consolidated concept map defines the problems, -';’-j'_
PSP
B ataatal
shows the key areas of the problems, and ties these areas P
: : : NI
together. With this understanding of the problems, tho '.-"tl' &
| A
analysis was initiated. RNed AN

o
X
g2
r
%!

v
A

’
.

XA

A

TR
ANt
" '\-"'z"f
.'_\'_-.J_-. .
- «
37 -

s
hd

) ._._._-_._: ,'._.'. e -‘_..._.2_...-.;‘..-__‘-_.\-..\'.‘_-...:_..-‘.\-..--_. AP "J.\_-",-\_.".-"'-".
- S e T T A - i " v




“e e R '.\'.'a ..v . ".
PYW W NE NP RIAD I A W I ¥ 0,00 A

CTRTY FR ) § 02 8V 8'a A% &'a &* » - . \ 0 IRREARPIRARE R AA R AR ™S TP W W T T ", », L AT URS VirW |
i
l.l- l- '
:':’.-"-"' .
L]
OO
A
PCNCAL,
P
' RN
Iv. Analysis F_$‘_-P'.‘ ;
ACCOLN,
Clala )
... .
. . . u:"-:\t:‘-
he purponse of the analysis section of thia thesi was Ny SESAY
NN,
AN
to provide direction as to which generic solution systems s::\;-.jx“;
CaTaTA
_ A
appear best suilted to solve the problems of EVA cryew 1 oo e °
and equipment recovery. The analysis also evaluated thoe NNSGE
provided contractor proposed <solution systems to the R
.t
. wedal B4R
problems. To this end. a review of Lhe definition of o °
A Y,
L LJ
system 15 1n order. ;:_:i:‘_-'_:
\;._F‘-‘,\..
" EOASARINY.
According to Athey, systems are any set of component:, \::-_:’.__\
LS Y
PuRals,

which could be seen as working together for the overall
objective of the whole." (1:12) Thus, systoems can be
considered a+ groups of subsystems which work togethoer to
perform a common missiaon. In the case of this thesis, the
common mission 15 to rescue EVA crewmembers and Lo recowver
detached and adrift equipment from the Space statian. Tt
consalidated roncept map establiehed the environment with

which the system must operate. It also estabhlished the

criteria by whaich the systems were evaluated.

Evaluation Criterin

The evaluation criteria for Lhio analyars are all (oo

i

1n the Value System Design section of the consolidatod

i

r'd

concept map (Fiqure 10b) . Thie, map nobt only it Lo e
-~ .".'f-
2 _'.’_'.‘.:-
evaluation craiteri1a, but also definoes thom., The oot LA
’-.l/-fhfl'-

evaluati1on criterion 15 atety. Safety a1 definen as bhoavng
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the freedom the rescue/recovery system provides from makiing

the situation worse or from endangering other crewmembers.
For example, a system could be considered safe 1f 1t hags a
95% chance of not making the situation worse. The second
evaluation criterion 1s response time. This criterion 15
defined as being the time 1t takes for the rescue/recovery
system to detect the separation of an object and begin the
physical process of returning the aobject or placing il 1n a
safe orbit. Reliability 13 the third evaluation criterion
and it is defined as the probability that the rescue/recovery
system will successfully perform 1t’s basic function of
reaching the object (or having the cbject reach 1t) and
returning the object to the space station (or placing 1t 1n a
safe orbit). This criterion 1s a measurement of the
probability of success for the rescue/reccvery system and
takes 1nto account such factors as the probability that the
system will not mechanically fail and the probability that
the system was designed to meet the physical challenges of
the rescue/recovery. The fourth evaluation criterion 14 that
aof availability. This criterion 15 a measurement of the
systems accoessibility and 1t°s being usable when needed. o
example, 1f the osystem 1o requiroed to be available Q04 ol Lhe
time, then 1t can be "down” for repatr the remaining 10% of
the timoe. The trick 15 to insure that the reccue/rccovern y

4

system 1s not "down” when 1t 1o necded. The final ovalualion

criterion 1 that of maintaimabarlity. Thia critoecion
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measures the serviceability of the rescue/recovery system. '::,._’
S
) o ] .-.'.-.j-\'
It 15 traditionally measured by the time 1t takes to reparr SARL A
o
. . 3 A
or service the system. A brief summary of the evaluation AN
3 "':1'
<hrrel
criteria 1s found 1in Table 1. With the i1dentification of .\"'\{-_:
Aw
tn".f.:.r
these criteria complete, they can now be applied using the ‘.‘L‘ =
" | TN
w. Analytic Hierarchy Process. NN
S
e
"I_'-F\J‘
3
TABLE 1 ' -
- \J‘-\'\..‘\
- ) R ihAN
":' EVALUATION CRITERIA AND DEFINITIONS AN
O VoAt
= e kel = S S T ST T T I T o= = \";\j\-;. A
Evaluation ALY
Criterion Detinitions :\F\f\ )
L] » -
e
- e e
._:. 2
N Safety Freedom from making the <irtuation -
worse or from endangering other
crewmemhers DRSSO
: L
Responge The time from object separation to ST
. . - La"Cs
I'ime that of beginning the phyi1cal -,:-::-\\
“ - .
A process of rescue/recovery, o .?\":\'_-_
Y ERTI LS AN
render safe \J-N_:‘:r\
LA
Reliability Probability that the rescun/
= - »
recovery system will succenstally -ﬁ-::}:.
perform 1ts’ basic functione of .\:J.'_;\-'
. AL A
- reaching the object (ov hawe the N S
NS object veach 1t) and return the :\:\"_:\"_
' object (o1 render “safe') A
® _
R . 2 8.2 0.8 ]
Availabhility A prohabilistic measurement ot the .-“.'-:'.'_' '
. U A
percent of time Lthe oyatom wrll b :,x{s._-._
) AT SIS
acressible and usable dar 1ng €UN "-"%'\'
- per rada ‘.':i'.:;.
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Analytic Hierarchy Process (AHP) Analysis

X

E O
L A

*

' As previously stated, AHP was used in the systems
LY

analysis phase of this thesis. To this end, the principles

o5
\"'-;4

[#
'5

of AHP were also applied. The principle of decomposition,

‘-s;."-
X
o -

% 3 % %

which calls for the breaking down of the problem into a """
s ELAGR
- hierarchical structure, was applied first. This was followed :-_";':-\ .
LN,
. : : sy
by the application of the principles of comparative judgemont A
. p19" 54

and of synthesis. PY
g0 RN SN
,":. ) ) o ) -.';\':%;\
Y Principle of Decomposition. The AHP technigue whigh DADANAS
L
takes a complex problem and breaks 1t down into simple par te ‘~':.v"-'_.%;‘-
.“ "}\ ﬂ-
‘l’-.',.\t.\

1s known as the principle of decomposition. This technigue ®
A [-:::-::::":
o~ calls for the construction of a hierarchical structure "to gt
-~ SR
capture the basic elements of the problem” (33:141). The: -'_‘.-:.-'}.-\
-t _-“A
,‘e;\h .

principle calls for the breakdown of the problem 1nto levels

antd sublevels. The levels contain the criteria upcn which

the subsequent sublevels are judged. In this lhesis, the
problems of EVA crew rescue and recovery ot detached and
adrift equipment were examined 1 a single hierarchical

e structure. This structure was derived from the consclidated
concept map and 1 found in Figure 11.

The overall goal for the problem 1« located at the Lop

N . . .
& of the hierarchy. In this case, 1L 1e simply Lo define the
beat system to solve the problems of EVN crew rescne o V‘.W‘ A
NGRS
WL
. .I"\ .‘v‘.-\'
equipment recovery. The scecond level 15 that of the o vter va N RN,
¥
RN

L
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to be used Lo judyge the proposed oystems. Thegse evaluatton

o oy |
%,
4
]
¢

12
1
¥

®.5
L

criteria are the same ones 1dentafioed an the conaolidatlad
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concept map. The third level beqgins the process of breaking
the alternatives down i1nto manageable parts. This level
defines four representative rescue/recovery scenarios within
which the rescue/recovery system must operate and meet the
evaluation criteria. The purpose of this level is to
determine if there 1s scenario dependence on the soluticon
systems. This breakdown is based on the assumption, which
was verified in comments to the consolidated concept map,
that the evaluation criteria are scenario independent. The
fourth level breaks the alternatives into their respective
range categories. The fifth level then breaks these rangz
categories into generic system types. This breakdown 15 due
to the vast number of contractor proposed solution system-
provided by NAGA. There 1s a sixth level ta this hierarchy,
but 1t i1s not expanded upon. Rather 1t 1s 1ndicated by the
term "Proposed Solution Systems."” This sixth level i1s the
list of the propused solution systems. It 1 a 1list of both

contractor and author generated solution systems and is found

in Table II.

TABLE T1

PROPOSED SOLUTTION SYSTIMS

]

Proposed Solution

Types Oystomn

LV Self Rescoue

Hand Held Propulsive Devioe
Portable Acrosol Joet

GSafely throw line/roescuce Line
Telescope Pole Hook
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TABLE 11 (continued)

y'y
75

n‘.\ _\?

EMU with Jetpack

i
Space Station Safety Nets/EVA Net Enclosure -:}:5,:.-“
Suppor ted Redundant tethers/double hﬁﬁhf '
tethers :;{;f v
Boom extender . )
% Mobile Remote Manipulator PO,
> System (MRMS) fodates
Smart end effector for MRMS ';_::-::;';
Net ejector system r:'-?‘ii
Rescue Tethered Unit/Guided "._";:\-ju,
Tether )
'v. Enclosed cherry pilcker
;:::: Open cherry picker
- Shepherds Hook/Recovery Nel
Rescue Line/Life Ring
Unmanned Free-Flyer Telerobotic vehicle
Guided tether
?: EVA Retriever
w Generic Space Robot
Astrobot plus EEU
Prox—-0Ops-Vehicle NS
Free-flying independently ®
directed excuvrsion unit ::':‘:-:ft'w
' RASRAY;
) Manmned Free-flyers Manned Maneuver ing Unit (MML) ‘.-:'.\r:/
Extra‘\_:/ehicular Excursion Un:it :r:}::j
(EELW) Sarele.
Homing unit plus FEU
Man--1n—-can
Manned Rover
b
:.: S5TS Space Transportation Syatem
(Space Shuttle)
oMy Orbital Maneuvering Vehicole
-
: CERV (Crew Emergency Discoverer '-\_ i
. Return Vehicle) Gemini Satan el
Lifting Dody Vehiolos _;..ﬁ._,,;;.—‘,—,
AFE RGN
MOSES NN
6 Man Apollo At
. LaRC Configuration ,,._‘:;::._\:._
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As can be seen 1n Table 11, there are numercus

cantractor proposed solution systems to the problems. This
analysis used AHP to point out the general directions the
rescue/recovery system should take. The analysis was
therefore only be carried out to the fifth level of the
hierarchy structure. Nith this hierarchical structure
complete, the AHP principle of comparative judgments wans nesxt
applied.

Principle of Comparative Judgments. AHP uses a

technique of comparative judgments to measure the rolative
importance of the evaluation criteria to the goal. Thece
judgments are accomplished on a pairwise basis and are used
to generate a weighting function for the evaluation criteria
with respect to the goal. This function indicates the
relative importance of each of the evaluation criteria.

In this thesis, the generation of the weighting functicon
was accomplished by surveying the ten knowledgeable persons
who were 1nterviewed during the generation of the
consolidated concept map. This survey follows the procedn ec
outlined by Saaty and i1s found in Appendix B of this thoeois.,
The recults of the survey are found in Appendix C and the
palrwise comparison matrix for the evaluation criteria i,

found below in Table TIT1.
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TABLE 111 T
NG
. PAIRWISE COMPARISON MATRIX FOR THE EVALUATION CRITERIA 5'-':—-‘:‘-5
o L AL
Criterion B \__'\_'t'.;_s':
. WA AW
Criterion A S RT R A M VI
\._\'_\'_\:.
- ».‘.\::.'.\,‘
Safety (S5) 1.000 3.00 1.56 2.46 5.19 et
: L.V oA h
Response Time (RT) 0.333 1.00 0.67 0.85 2.42 °
Reliability (R) 0.641 1.49 1.00 1.93 4.88 AR
Availability (A) 0.406 1.18 0.518 1.00 4.21
Maintainability (M) 0.193 0.413 0.205 0.237 1.00
. . ) L J
. This matrix is read row by column and shows the relative TANN >
. Rsh
) AT
impartance of one of the evaluation criterion to another. &: :}.n:.-:
PALRC I
o _ Ry
For example, Safety (S) (criterion A) has a relative 20
®
importance of "3.00" to the criterion Response Time (RT) -':'-ﬁ‘-".’.'.'-“;
a e e L
RPN
(criterion B). The scale used in this matrix 1o listed below ;':-:'::-:-":
B
and would have a reading of "3" meaning that of weak PP AP
o
importance. Thus in this example, the criterion of GSafety 1s ::':"‘:‘rf:.
: s
3 weakly more important than the criterion of Response Time. .,-:::.::'_{
' --':-\.r".r\:
N
These matrix weights were generated by taking the geometric .'h'h"ﬁ-’b

mean of the survey results (see Appendix C).

P

AN
TABLE IV
® -
- . DA
MATRIX WEIGHTING FACTORS e
t:_-} o~
—_— s T I T T T T T T I L L T e s e s T T I T T LT L T TS ‘\
FACTOR MEANING N \‘xk
S Nw
e ¢
0.2 Criterion N i otrongly less important thanm criterion B -Q'%_l—
0.33 Craterion A is weakly less important than criteraion B 'ﬁ'.j'}ﬁ";"v‘
1 Criterion A ds aof ogual itmportance to criterion B t.‘-\\‘.‘-:.“'q
3 Criterion A 1o weakly more important then criteraion I ‘\f:*-_.\';\‘
D Criterion N 15 strongly more important than craiteiron B ‘:;:;(::
> =) 2 & SXet e ]
N1l othen Inter mediate values . ':‘-{\'t'i

valuos
®




Table V.

& TABLE V

OVERALL EVALUATION CRITERIA WEIGHTS

the evaluation criteria. These overall welghts are

From the comparison matrix, geometric means were

. calculated and normalized to generate the overall weightes for

found 1in

Evaluation Criterian Weight
o —
3‘ Safety 0.377
Response Time 0.142
Reliability 0.257
Availability 0.1468
Maintainability 0.055
.M
These overall weights indicate how much each of the
evaluation criteria contribute to the overall goal of the Al
. Hierarchy, and form the weighting function. The weighting
3
<
» function for this analysis is therefore:
System Rating = 0.337(Safety factor) + O.l42(Respouse
time) + 0.257(Reliability factor) +
N,
~ 0.168(Availability factor)
0.0535(Maintainability faclor)
$ These weights are all based on the survey vesulb- . NAHP
has a praocedure which checks the comparisons made 1 the
survey to indicate 1 f the judgments made by the knowledgoable
‘-, persons were consistent. This procedure generates a
“»
° measuremant called a consistency ratio which 1s a measa caent
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of how this survey judgments relate to random judgmentes. The

results of this survey have a consistency ratio of 0.01 which
1s well within the minimum standard set by Saaty (below 0.1)
(33:142,143). Therefore, the judgments and calculated
welghts are consistent. With the weighting function set, the
rest of the analysis proceeded.

The next step of the analysis was to evaluate the
various scenarios and associated generic system types to gain
insight into the direction to take with the respect to Lhe
evaluation criteria. Thus, each of the var ious generic
system types were compared to the other generic system types
within their own range category in the light of the
evaluation criteria and scenario. For example, one of the
comparisans was stated as "which short range generic saolutian
type is preferred as being the safest for the scenario of a
cooperative astronaut becoming detached and adrift from the
space station departing at a initial velocity of 2ft/sec, 15
it the EVA Self Rescue or Space Station supported goeneric
solution type?" Following this preference choices a weight
factor i1s assigned which 1ndicates the strength of that
preference. The scale used here is the same as used in
Appendix . These preferences are then examined on o

scoenar 10 basis to see 1f any overall direction can bhoe

determined., The definitions of the scenarios, range
categories, and generic aystem types are all found 1 Tablo
VI bhelow.
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TABLE VI

i DEF INITIONS

Level Definition o

Level 3: Representative Scenarios

) 1) EVA Rescue; Cooperative An EVA crewmember becomes :-_-:ﬂ_-:\;:j‘
departing at 2ft/sec separated from the Space -:::-::-:,-Q
Station. He/She is Y
separating at a rate of ._-_;Q.-:f;ﬁ:
2ft/sec and is ®
;\ cooperative. R
2) EVA Rescue, Non-cooperative An EVA crewmemboer becomos BN
departing at 2ft/sec separated from the Space :‘:
Station. He/She 15 '{:ﬂ
departing at a rate of
“ 2ft/sec and 1s non-

S cooperative
. (unconscious).

3) EVA Rescue, Cooperative An EVA crewmember becomoes
departing at 0.5ft/sec separated from the Space ‘
Station. He/She i+ e
: LA S
) separating at a rate of .}'-.;'\:’_xf_-
:3' O0.95ft/sec and i- P AN
’ cooperative. ;:::»',:_":‘
AR AL

4) Needed Equipment departing A plece of equipment has, -

at 2ft/sec been determined to ~

require recovery. 1t 1 T

:::- departing at a rvate of -.j
R 2ft/sec.

Y

“~

Level 4: Range Categories

1) Short Range This 15 the area within
100 ft of space wtation.

< . - .
L 2) Medium Range This is thoe arca oabside
the short vange limit .‘, —
KLY
where orbital mechanicos, '-\Q.':;.\
NN
AT t na joi CAGM X
are not a maj NN
. ) AN
consideration for A
) ‘1,'»,\
- rescuc/r ecover y. '\\.‘5\ \.&.‘
. : ] ‘
; Manecuver ing within thaie, "'"ﬂ
range can be done tia ough RERORTY
line of wight flightea. ~ \'4-
LN \v.
,.
“Wa -

A

YAy, L A NAT SN g
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! TABLE VI (continued)

»
.

A AT
b%)}

This area has beaen ‘.
generally defined as the
Space Station Proximity

Operations Zone {(roughly :;
a sphere of 1 kilometer ;i :;
around the space station) S
(3. ??fg?
SR GLN
3) Long Range This is the area outside :iﬂﬁj:
the medium range where h::ﬁ:\
Orbital Mechanics must be b?g;fﬂ
considered in a rescue/ ° -
recovery. ‘:\J:'_
..Y ) h‘- l""
Level S5: Generic System Types ﬁii;ﬁ
RN
1) EVA Self Rescue These system types call :.:ijﬂ'
for the separated EVA ®
crewman to perform cself Rty
rescue within short rango -iﬂ
of the space station. B0
Example systems include W
hand held maneuvoring ﬁ&;

unit and safety line.

2) Space Station Supported These system types call
for rescue to be
performed by someone
other than the
astronaut requiring

LD SASEOAK
rescue within short v ange Tl
of the space station. \E{fx§
Example systems include - "

extendible pole hook and
net ejector system.

3)  Unmanned free-Flyers This medium range aystom
type calls for an
unmanned freeo- flying
system to be used in
rescue/recovery.

Example sy«tems inclonde
Generic Space Robot and
Nstrobot.

4) Manned Free- Flyers This medium rangoe system
type calls for a manned
froee flying system to be
used 1IN T escun /T ecove y .

P R LIPS R I T JETAE N T I 0 R T IR U D L I I S A
R N A S NS AR AT
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VIl (continued)

Example system 1ncludes
the Manned Maneuver ing
Unit (MMU).

5) CERV This long range system
type 15 the Crew

Emergency Return Vehiole.

It 1s a system currently
under development which
will have the ability to
safely return astronautls
to earth if a problem
occurs at the space
station and the space

shuttle 1is not available.

This is a manned system.

6) S5TS This is the space tran<o-
portation system also
known as the space
shuttle to be used for
long range rescue/
recovery.

7y  OMV This is the Orbital
Maneuvering Vehicle, a
long range umnmanned froe

flyers currently under
development.

The evaluation of the scenarios and associated generico
solution types was performed through telephone interviews
with technical advisors from NASA (2835372). The results of
these evaluations can best be seen during the application of
the last principle of AHP: the synthesis of priorities
princaiple.

Synthesis of Priorities. The syntheois of priorities

calls for the evaluation of the hierarchy by using tLhe

AT AT A S T T L e
DL RO S PSSO SN GO0 SRS O SN IP SRl S I NN Y Sy

x50
5
%

Ay B Ry Yy YRy
P

' *}".J'&
SO
‘y;."'.

Ny
o
22

Y
"y A

L
i ,:,\,-. AN
td o
&)
:‘).'a\/".'\.' P

rey

L
D
Il
'y
[d

4

e

" 'l“
A
St
R

!.- . ¥

e
PR
t
P
[
[
.
a

Y
«

oty

>
L
R

‘
.

4 & 4

.




S~

A

-,

weighting function and preference measurements. This 1% the
step where the results of the analysis take shape. In this
thesis, these results 1ndicate the direction the overall
systems solution to the problems should take. The results of
the analysis are best seen on the basis of the range
categories and the associated generic system types. The
interviews with the technical advisors from NASA indicated
the directions to be taken within each of these range
categories.

For the near range category, the indicated direction for
the generi1c system type was found to be scenario dependant.
The NASA technical advisors indicated that in scenarios wheroe
a cooperative astronaut had separated from the space station,
an EVA self rescue generic system type was preferred. Thio
preference 1s due primarily to the safety considerations with
this type system. Additionally, for the scenario of eguipment
recovery or rescue of a noncooperative astronaut
(unconscious), a space station supported gerneric system Lype
was preferred. This choice was made due to the fact that the
EVA self rescue generic system type 1o not applicable in
these scenarios and thus a gspace station suppor ted gener ic
system 1s the only choice available. Therefore, two generic
system types are preferred in the near range reccue/rocovery
s1tuation. These syastems are an EVA self reace oystem (o
rescue of cooperative astronauts reguiring rescue, and a

space station supported system for vescue/recovery of
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everything else. Scenario dependance was fourd only 1n the PSR
e
N
Sl
case of near range operations. [
T
In the medium range category, the preferred generic fﬁ?{u:
LY RN
LA
. IR,
system type was the Unmanned fFree-Flyer. This system had ,ﬁﬁkv
NN
N AN
. . . } ‘_)\A\
. overall preference in all the evaluation criteria except ®
aot ok o
v, g
£

reliability to that of the Manned Free-Flyer. The manned
free flyer had greater reliability due to the fact that 1t 1¢
currently flying and has been proven reliable (MMU).
» However, the other evaluation criteria, especially safety.
all had an unmanned free-flyer as the preferred system.

The long range category proved to be the area where the
real strength of AHP showed 1tself. Here, the Space Shuttloe,
Orbital Maneuvering Vehicle (OMV), and Crew Emergency Return
Vehicle (CERV) were all compared. The comparisons showed
that each vehicle had areas where 1t was preferred over the
other vehicles. For example, 1t was felt by the NASA
technical advisors, that the CERV was the most available of
the vehicles. The calculated normalized geometric preference
means, for each vehicle by evaluation criteria are given 1n
Table VIT. These calculations show which generic system type
1is preferred for each evaluation criteria. ANAgain, the

preforence ratings were scenario independont.
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TABLE VI

LONG RANGE GENERIC SYSTEM TYPLS
PREFERENCE RATINGS

Evaluation Criteria

v 3

System Type S RT R A M
0.09 0.13 0.14 0.51 ¢.39
0.65 0.77 0.28 0.43 0.61
0.26 0.10 0.38 0.06 0.10

R

S=Safety, RT=Response Time, R=Reliability,
N=Availlability, M=Maintainabilaity

These preference ratings were then used 1n the weighting

function to generate an overall rating for each long range

generi1c system type. This calculation was done by summing

-
)

yi

the product of the individual evaluation criteria weights and

preference ratings for each generic system. For example,

CERV had an overall rating of 0.1864 ((0.337%x0.09) +

a

[

(0.142%0.13) + (0.257%0.14) + (0.168%0.51) + (0.0LKHx0.0M)

4

0.1864) .

The overall ratings for each long range generic

system type indicated that the OMV was the preferred

direction

for a long range generic solution type. The

overall ratings for each system are provided in Table VYITI.

7

R R R PR AN -
BT W DS S B Ry

TABLIED VITI

OVERALL RATINGS FOR LONG RANGE GFMERIC SYSTEMS

Svstem Ratingy
CERV Q.1864
oMV 0.35056%
STS O.026464¢
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Summary .

»
_ This amnalysis hao provided the direction as to whioh
| SR
gener 1c system types appear best suilted to solve the problome, :qb?;
r-;‘.-:f:-'
’
of EVA crew rescue and equipment recovery. It has shown that }{hﬁu

for a near range rescue/recovery, both an EVA Self Reqocue and

oY

a OHpace Statiron supported Lype system are prefeorred. Ihe
andliysis haz shown that for a medium range rescun/recover v,

an unmanned free flyer 1s the preferred system. For a long

.:.‘-:

range rescue/recovery, the andlysis has shown that the 0OMY g«
the preferred system. Thus, the directions to be

imvestigated have been determined.

’
; The next step 1n this analysis would be to form a

comprehensive rescue/recovery syastem using elemnents of eanh

ot the generic system types. A comprehensive rewcue/Tecover v

system would therefore be made up of one of the proposed EUA

Self Rescue systems, plus one of the proposed Space Station

supported systems, plus one of the proposed unmanned frooe

tlyer system, and finally the 0OMV. These comprehons ve

P2

<
aan

rescue/recovery systems would then be examined 1n light of

the evaluation cariteria and an overall "beost” 1 eslue/y oroves \

synstem would be determined.  But, there are numer ous systoms,

which need to bo examined. In fact, with the firve YU Sett

Reoocue Hyastems, the eleven Space Station Supnpor tod S tom .,

the coven Unmanued Faoee-Flyor Syatems cnnd Lhe OMY, thes o o o

3L combainations of comprehensive restuc/r ecovienry Sy s lens

which ¢an bhe generated. The oevaluation of thais Lavge g
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V. Example Rescue/Recovery System

The analysis previously presented shows the direction to
take 1n the rescue of EVA crewmembers and the recovery of
detached and adrift equipment from the space station. The
direction has been in the form of determining the preferred
generic system type for each of the range cateqories. By
combining these preferred generic system types, a
comprehensive rescue/recovery system for the problems can be
generated. If carefully constructed, this system will allow
the individual generic system types to complement each other
and provide an 1ntegrated systems approach to solving the
problems of EVA crew rescue and equipment recovery. This
section of the thesis will examine one such system to provide
an exampgle and to show the synergistic effects of thig

systems approach.

Basic Confiquration.

The basic configuration of the example rewcue/vyocovia y
system consists of four subsystems. These subsystems are Lhe
Extravehictular Mobility Unit (EMU) with jetpack, a shepherd’™s
hook/recovery net subsystem, the EVA Retriever, and the Ghort

Range Vehicole (GRV) module of tho Orbital Manouvor ing

Vehico le. All these suboysteoms work togethor Lo
vescue/rceccover objects whiitch doetach from Jhoe wpace atatran.
The MU with jetpack and the ohephieord’s hook/Zrecovery ol
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subsystems are designed for short range operations. The EYA

Retriever will work the medium range operations. The SRV

will operate in the long range. lHowever, all these

subsystems are responsive 1n nature; they only operate when
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something has become detached from the space station. A ®
PR
. : . "':'js* u
responsive system, such as the one outlined above, has 1t3? H\fﬂk’
?:PJ:-
merits, but a responsive system is not the totel answer Lo ’Eéibj
YN
the problems of EVA crew rescue and equipment recovery. The

“r

rescue/recovery system must also have a preventive systom E
which will limit the possibilities of objects becoming Z
‘.
detached from the space station in the first place. ﬂ}iﬁfiv
Such a preventive system 1s already 1n place on the g;&;&
NN
space shuttle. It calls for the tethering of all objects ?Sﬁ?;:’

(equipment and crewmen)

at all times and requires

emphasis on tethcring be an

impaortant part of EVA

that thi~

Ccrew

training

(37).

Al though history has

shown that

this

preventive system will not eliminate the problems of

equipment floating away, 1t is at least a step i1n vecognilzing

the problem.

Therefore,

this preventive

system wi1ll bLe

assumed to be a part of the example vescue/recovoiry systoem
for the space station. With the preventive system now in
place, the responsive system can be examined.

Short Range Subusystem.

The responcive section of the example roescue/y ccovoery

asystom calls for two separate ohort rangoe cuboaystom:, . Thooe

O
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systems are the CMU with jetpack subsystem for EVA self TN
‘ \'\-"\v
Sls
rescue and the shepherd’s hook/recovery net subsystem for ®
Pod Ol
. . R . . P-"\-‘(.\f‘-
assisting with EVA rescue and for recovering adrift Iy
rvﬁéﬂ*
RO
equipment. Both of these subsystems are designed to wori a rﬁ“ﬁ?
S
short distance from the space station (less than 100 ft) and ® s
) . T'.':'I'::.r
to deal with objects which slowly float away from the =zpace ?;;?f
e
3 AT
station. ?:AV"
S
Extravehicular Mobility Unit (EMU) with Jetpack. Th:-. 9
N
EVA self rescue system is a basic EMU which has been modified :xﬂ‘
. o«
to include a single flight mini-jetpack (see Figure 12).
This jetpack, using a cold gas system (rechargeable), 1,
designed as a small scale self-contained maneuvering unit.
However, 1t i1s designed to accomplish the following oo a
single flight basis: 1) automatic attitude stabilization to
stop EVA crewmember tumble, 2) directed pitch, vaw, arnd roll
to orientate the astronaut towards the space station (voice
activated command system), and 3) small thrustinges of the
system to direct the astronaut back to the space station.
The amount of thrust (delta velocity) this gyastem has 1o
limited. The system should be designed to accomplish a olf YOS
rescue for the scenario which 1s felt to be the most likely
of all the EVA rescue scenarioss. This scenario 1 that ot a
cooperative astronaut departing at a relatively slow rate f'%”{
(14). Therefore, this EVA self rescue subsystem 1o dosigred
to accomplish a rescue for scenarios when the 1nitiral .'}ff;ﬂ
[ ]
depar ting velocity 1o leass than 2 fL/aec. ".;-: ::.-_f.-i
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advantages of this type of self rescue subsystoem arc

self contained, directly attached to the astroonaat
known center of mass), controllable by Lhe

astronaut, and because 1t 1o designed for a saingle

5
relatively small in si1ze. Additionally, such a oelf -"‘-"‘\,‘*‘:j
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anytime rescue is required (even when the inittial departing
velocity 15 greater thanm 2 ft/sec) to support the rescuc
attempts by the other subsystems of the rescue/recovery
system. For example, 1f the departing velocity is greater
than the subsystem’s designed criteria, the activation of
this self rescue subsystem would slow that initial departing
velocity and stabilize the attitude of the astronaut
requiring rescue. These actions would ‘buy time’ for the
rescue by other subsystems of the overall rescue/vecovery
system. This action would increase the probability of
successfully accomplishing the rescue.

The EMU with jetpack is an example of a subsystem which
can be used for EVA crew rescue. However , this example
rescue/recovery system also addresses the problem of
equipment recovery. The short range subsystem for this

mission i< the Shepherds’ Hook/Recouvery Net.

Shepherds’ Hook/Recovery Net. This cubasystem 1 the

space station supported subsystem of the rescuc/recovery
system. It is basically an extendable pole wilth a ohepliord,”
hoalc on one side and a capture net on the other «ide (ceo
Figure 13). Thie subsystem 1s designed to be manually
operated by an FVYA astronaut to cither capture loosoe
cguipment oy to ascist an the rescuae of anothior ooty onaut .
The subsystem can eirtther be manually extonded, or coxtondod

through the use of a cold gas mopulaiton oy tes Tocated ol
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the head of the unit. The unit is restrained by tether.o
M! which are designed to allow the extended pole to slide with:n
the restraints. This is done by attaching the tethers to a

ring which encircles the pole and allows the pole to slide to

a stop point. The shepherds’ hook i3 designed to allow a

" ® v
o o ) . ALY
> drifting astronaut to grasp it or to encircle a .?;uﬁd
.’_:.{:.,:..J
noncooperative astronaut. The hook also serves as a mass AL
ot e %
. :‘,’I"‘. h.' -’..’
offset for the recovery net section of the unit. The ° )
N ekl
» ) : . . o § AN
N recovery net will capture floating objects through the wuse o A
LETRe
an electrically activated door which closes the net arcund e
R
the object. This capture limits the possibilities of cbLjects
<l
2 bouncing out of the net and departing in a new directian. {H
o Caete
Because this space station supported subsystem is EVN x
4
: T
crew aperated, 1t could best be utilized 1f posiltioned in {
% ;fq
- - - . . - . A -
‘n areas where EVA activity 1s plamied. This will fTacilitate a -\.-_:w:'."_‘_.
%
- - - . N
- quick reaction time for the subsystem. In fact, 1t may be 's“:wjj
ALY
n VWV]
wise to have several of these subsystems placed 1n stiategic .. {
K i~' l".h‘ A
: . : . ERLAR N
locations throughout the space station in order to increas: SaToA
:§TC5¥
. . SASLASSA
the chances of successfully recovering objects which biocome c}ﬁqp;
\:A\):‘J-\‘.A

loose. llowever, due to this subsystem’s limited rangoe, o

medium range system must also be employed.
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The medium range subsystem for the rescue/vecovery

.

g

system is the EVA Retriever with slight modificaticns. The

.
e a

> 5

EVA Retriever is a current NASA program which has been

o
»

developed by Johnson Space Center to fulfill the space

v
é

station’s requirements for an EVA rescue system (22:5). This “iqﬁﬁﬁ
DAY

. . R e I

subsystem consists of a highly autonomous robot, complete WY

7,

with grappling devices which uses the Manned Maneuvering Unit
(MMU) as a propulsion unit (Figure 14). Simulations done at

the Martin Marietta Space Operations Simulator have shown

that the MMU has *he capability to perform rescue operations ';
MR

of adrift EVA crewmembers (31:11). The EVA Retriever extend. ::i{;?
- l. -.-.,v
NN

this MMU capability into the robotics domain. As such, the -

EVA Retriever is controlled through a man-in-the-loop

process, but has a built-in capacity to acquire and track

drifting objects. N modification to this NASA program i1s the

addition of a capture net (similar to the one on the

>

shepherds

hook/recovery net subsystem) to be used to recover

drifting equipment. This addition would make the subsyslem

more versatile. This versatility 1 also seen in 1t’s

concept of operations.

The concept of operations for the EVA Retriever calls,

for the unit to be on stand-b during all EVA operations. ! I
Y J P PR

LSS
s : ARSI
Thie, allows for immediate response in the event of o ;“VB¢\
~¢\¢\*\

’
2

rescuc/recovery contingency (22:3). This concept of

-y
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operations would be modified for the example ) oooue/ir ccover y
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system by calling for the immediate activation of the system

ok

"' in cases of EVA rescue and by having only selective

G
5

activation 1n the cases of equipment requiring recovery.

N
"
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)
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Immediate activation 1n the case of EVA rescue is required ?ﬁf’

D
LS

because of the value of human life, both i1n the humanitarian

%
0k
5
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e
2
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and political sense (3). This 1mmediate activation would

<
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allow the EVA Retriever to serve as a back-up to the short

range subsystems of the rescue/recovery system. If these

\}C’-

P

< short range subsystems fail to perform the rescue, the EUN
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Retriever would then be in a paosition to attempt the rescue.
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In the case of selective activation, the EVA Retriever would
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be deployed only in those cases where the equipment to be
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recovered 1s either of great value or departe on a trajectory
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which will cause it to impact with the space station.
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Additionally, this selective activation would only occur

S

5{

after the short range subsystems fail in their attempts at

Qiﬁf
ff

recovery. The back-up to the EVA Retriever is the lonyg 1 ange

O

subsystem of this example rescue/recovery system.
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Fig. 14. Medium Range Subsystem (22:4)

Long Range SHSubsystem.

The long range subsystem of this example vescue/recovayy
system 1% the Orbital Maneuvering Vehicle (OMV).
Specifically, the Short Range Vehicle (SRV) module of Lhe UMY
(see Pigure 13). This module of the unmanned, reuseable, nd
remolely oporated OMV 19 designed to place, rendezvouas,
retrieve, and berth payloads 1in space (27:4). Thoe SRV with

1ts two yeaction control! systems will have the potealial ot
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up to a 700 ft/sec delta velocity change which can be used to
capture a 10001lb object and return this object to the opace
station (27:6). This large potential delta velocity and the
two reaction control systems (Hydrazine for large delta
velocity changes and the non-contaminating cold gas system
for close maneuvering) make this vehicle i1deal for the
rescue/vecovery operations of objects detached from the space
station. In fact, the ability of this vehicle to recover
objects has had attention at Marshall Flight Conter, where
NASA 1s designing a modification kit to the SRV which i,
specifically designed to recover drifting orbital debrin
(27:9). Because of these capabilities, the SRV module of the
OMV 15 the long range subsystem of this example
rescue/recovery system.

The concept of operations for the SRV would very much
follow the same lines as it was for the EVA Retriever. Thio
SRV would be immediately activated for EVA crew rescue
operations and would be selectively activated for eqguipment
recovery operations., Again, this long vange subsyostem would

serve as the back—-up to the short and medium range cuboyolemy

of this example rescue/recovery system.
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Yere
Summary. ®
Summary . 2
P
The example rescue/recovery oystem mrecsented above ',:~
provides for a layered systems approach to the problom, of .'-’\
Lo
EVNA crew rescue and equipment rocover y. Thia ystemss o
approach begine with preovention and enda with complementon
- reactionary suboyotems which accompliahy the objectiver,. Each
>
subsystem 15 decsigned to operate praimar tly within o grvon
68
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range cateqgory. However , they can also operate closer to the

space station. This flexibility allows all the subsy<toems
complement and assist each other 1n any rescue/recovery
operations. This example rescue/recovery system shows the
value of a systems approach to solving the probhlems of CVA
crew rescue and recovery of detached and adrift equipment
from the space station. With the presentation of this
example irescue/recovery system complete, the conclusions,
recommendations, and issues found during the development of

this thesis can now be presented.
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VI. Conclusions, Recommendations, Ond losuess :‘J{:{-
LY,
-~ .F\\
i o
h RS
This chapter presents the conclusions, recommendationn, o
~,‘1$\ ~~ 8
: : ; : e
and issues which were generated during the development of Ve
R
. . . . ALY
this thesis. The conclusions are drawn from the work done 1n ":
9 e
‘A . . L SOSE:
the thesis. The recommendations are several areas which fo et
N
require further examination. The 1ssues are discusslions of N ‘.:-;
o
outstanding areas of concern which relate diyvectly to the
o
N
BN problems of EVA crew rescue and recavery of detachoed and
adrift equipment from the space station, but ave cutside the
scope of this thesis.
a?,
g
-,
Conclusions.
The conclusions of this thesia deal with the procveoss and
o rosults of the work. Specifically, the methodology uced and
l-‘,
L -
the results of the analysis are the areas of koey 1ntoy ot
The methodology used in this analysis couploed owr ol
techniqgueds. It used both concept mapping (basi1cally o
teaching tool) and the Analytic Hierarchy Process wrthirn Lhe
Hall Morphology of Systems Dngineering. Thia moethodology
proved to be guite easy to understand and uve. Concept
I;~I ) . ] ] N .
X mapping wa the ey to the whole mothodology. Phee b Tty b
()
e
capture the important conceptas, all hetr facets and e
ol
. . S SN,
Interrelationchips proved to he the koey to ooeba S bandong Lthe OIS
AN
RN
me — - , c e SR
problems and structuring the analynis. For thio by S
- o,
. 2% "0t
]
problom, one very much 1n the ecarly concoplaal doveloepmoent
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stage, concept mapping proved to be a useful tool in

Al Y
A

. gathering a comprehensive understanding of the proublem. Thirn,
i tool served as the backbone for the rest of the analysis, in
that the evaluation criteria and breakdown of system type-,
were directly derived from 1t. Therefore, one of the
conclusions from this thesis 1s that the methodology,
especilally concept mapping, is a powerful technigue to use 1n

defining the direction to take for problems which are early

2.7

*y

Lo dd

1n the concept development stage.
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The second conmlusion of this thesis deals with the

x
g
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results of the analysis i1tself and with the direction to bLe
- taken 1n the solutions to the problems of EVA crew rescue and
recovery of equipment which becomesAdetached and adri1ft 1 om
the space station. Specifically, the conclusion 1< that

there i3 no one device which will solve thesce problems.

Rather these problems can only be solved through a sycostem:

eng:neering approach where several subsystems contribuate Lo

the overall solution. These subsystems serve to complemont
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and back up each other 1n order to 1ncrease the probabil oty
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of successfully accomplishing a2 rescue o 1 ecover Y. The
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unmanned froe flyor subsystem, and the OMV, In addrlion to
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Recommendations.

There are three areas where further analysis i
recaommended. The first has to do with this thesis effor b
1tself. The other two areas relate touo subjects whose
analysis i1s required as follow-on efforts to this thesis.

The first recommendation 1s that this thesis effort,
being a first cut analysis, should be part of an iterative
analysis. Specifically, this iterative analysis should
concentrate on the concept map. This iterative review should
be accomplished to better develop a corpcocrate understanding
of the problem and to better define the evaluation crilterva.
The results of this iterative analysis may well point to .
specific soclution system to the problems,; rather than to ju-t
1mdicate the path to take toward that solution.

Additionally, this iterative analysis should take into
account the results of the two complementary o1 :as wheroe
turther analysis 1s recommended.

The first of these complementary areas is that of
analyzing the necessity of a long range subsystem for the
rescue/roecovery system. This analysis seeks an answer Lo the
question "does the 1ncorporation of a long range subosystom
ar'd enough value to the comprehensive rescue/recovery systomn
to warrant 1to expense?” Included in Lhis analysis aroe
considerations about the probabirlitics of the short and
medium range subsystems failling, the probability of thoe long

range <ubasystem cucceecding, and thoe ovesr all costae of cuach a
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long range subsystem. Included 1n this analysis should be an
investigation of the worth of the medium range subsy<stem.
This analysis should answer the question of "can the medium
range subsystem be replaced by a more capable (and more

expensive! long range subsystem?" The answers to this

b complementary analysis may well limit the number of
rescue/recovery systems which need to be examined.
The other complementary analysis to this thesis deals ®
< AN
:5 with the rescue/recovery systems configuration during the ‘?Vﬁi"
:r:'.-:.-;'
. - CaN
construction of the space station. One of the commenty e
NN
received as feedback to the comprehensive concept map )

>, indicated that the space shuttle would be available for ';f

rescue/recovery operations during the constructiorn of the R

space station (36). Indeed, the space shuttle will be ®
H"‘.'j_'f:
A i ) _ .'r;? X
. present during the construction, but availability for ENCN A
o \-"-' -
b . . , FANCECN
rescue/recovery operations may well be another i1scue.  The d&}f—
v,
M
shuttle could be tied up in the construction of the space ”!'w'
R
station to the point where its response time would make 1t an ﬁf};}
Q . RN
! . . . Y
Ay unusable option. Therefore, this complementary analysis Qf}?.
AL NS

»
-
»

should address the rescue/recovery systems contiguaration

during the construction of the space station and how this

L

confiquration would change when the space station booomes

operational (1t may be possible to dosign one rescue/roeocovery

aystem to be used during both the construction and the

operations phase of the space station).
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These recommended complementary analyses will help
further examine the topics of this thesis. Howover , thora
are 1lssues which require examination that are beyond the
scope of this thesis, but still contribute to the solution to

the problems of EVA crew rescue and equipment recovery.

Issues.

There are two major issues which are beyond the scope of
this thesis, but sti1ll require examination. These issuedw
are: 1) how to make the decision to recover adrift equipmont,
and 2) when to use or not use a manned free-flyer (like the
MMU) for rescue/veccvery ogperations if such a system is
readily availlable.

The first issue deals with the basic question of when ‘o
recover adrift equipment. If the decision is that all loocse
equipment must be recovered,; then this issue becomes a moot
point. But, if only selective equipment is worthy of
recovery, then on what criteria will the decision be made?
Obviously, the value of the equipment (both cost and ease of
replacement) and the departing trajectory of the object will
play a role in the examination of this issue. However, the
value of the equipment and the costs associated wilh a
recovery attempt also need to be examined.

The second 1ssue deals with the use of a manned O ee
flyer (li1ke the MMU) to perform rescue/recovery opecation:.

This thesis has concluded that the preferred direction Lo be
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taken is toward an unmanned free-flyer. However , marnned
free-flyers will be present at the space station. {Current
planning calls for the space station to be configured with at
least one next generation MMU (15:4-33).) This free-flyer
may be 1n use when a rescue/recovery cpportunity presents
itself. This issue wrestles with the decision to use or not
use a manned free-flyer for rescue/recovery operations. It
seems apparent that if a manned free-flyer 1s 1n use, it
could be used for a rescue or recovery, but there appear to
be limits to its use. Obvious limits are the pilot’s
consumables and the amount of fuel in the free-flyer. These
limits change as the EVA progresses. Therefore, it seems
that there are time frames when a manned free-flyer could be
used for rescue/recovery operations and there are also time
frames when no matter what the object requiring
rescue/recovery 1s (another astronaut or piece of equipment)
a manned free~flyer will not be used because it jeopardizes
the pillot’s safety. This is another of the issues which
requires eoxamination in order to fully understand the

problems of EVA crew rescue and equipment recovery.

Summary .

This thesis has helped answer soveral guestions. Tt haxs
provided the direction to be taken 1n solving the probloems of
EVA crew vescue and equipment recovery. [t has alwo <hiown o

methodology which can be used 1n the csyslems engineeving of
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problems during their concept development stage. But, this

thesis has also asked questions. It asks questions and
recommends further study in the aremas of iterating the
analysis, determining the value of both the long range and
medium range subsystems, and identifying the changing
rescue/recovery system from the construction to the
operations of the space station. This thesis also asks far
reaching questions as to the decisions to recover adrift
equipment and to the use of a manned free-flyer in
rescue/recovery operations. The problems of EVA crew rescue
and recovery of detached and adrift equipment from the space

station are complex. Hopefully this thesis has shed some

light on them.
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Initial Pre-Concept Map Survey.

The purpose of this survey was to focus

of EVA crew rescue and recovery of detached and adrift
‘The results of this survey are

attention of the persons to be concept

the perception of the problems,
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EVA Crew Rescue
and
Retrieval of Detached and Adrift Equipment

The purpose of this survey is to determine the
relationships between the problems of EVA Crew Rescue and
Retrieval of Detached and Adrift Equipment from the Space
Station.

Which problem do you feel is the most important? a) EVA Crew
Rescue b) Retrieval of detached and adrift equipment.

Indicate on the scale below the relative impertance between
these two problems.

EVA Crew Retriaval of
Rescue 8 &6 4 2 0 2 4 & 8 Petached and
3 5 4
m v o u o U o v U Adrift Equipment
u u U U u J U ] U
£ E g £ £ £ £ £ ¢
n ] a ] n L a n n
T T T N S St
L - I L L L L I L
o o) [®) o) o] o [»] Q s}
a [ul a aQ Q. L o8 =N Q
e E 3 g g E 3 E 5
— - P - Pond - —t -t Pt
1] o o X — X om o 1]
+ c c 1 n ] c = +
3 Q [»] u o] U o] [s] ho!
- L e = o =2 L Lo~
o £ b I £ £ 0
n Ul n n 5] [
n 0
< > >
L L
1] il
> >

Which problem is more likely to occur? a) EVA Crew Rescue
b) retrieval of detached and adrift equipment

How much more likely is this problem to occur as opposed to
the least likely problem? a) Very much more likely b) Much
more likely c) Mare likely
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Indicate which statement you most agree with:

a) The problems of EVA Crew rescue and retrieval of
detached and adrift equipment are two separate unrelated
problems.

b) The problem of EVA Crew Rescue is a subset of the
problem of retrieval of detached and adrift eguipment.

c) The problem of Retrieval of detached and adrift
equipment is a subset of the problem of EVA Crew Rescue.

Do you feel that one system can be used to solve both
problems? a) yes b) no

If you feel one system can be used to solve both problems
which problem would you concentrate your efforts on? a) E
Crew Rescue b) Retrieval of detached and adrift equipmen
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Survey.

Analytical Hierarchy Process
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The purpose of this survey was to obtain feedback
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EVA Crew Rescue and Retrieval of Detached
and Adrift Equipment Concept Map and AHP Survey

Part 1: Consolidated Concept Map

Purpose: The purpose of this section of the survey is to
obtain your feedback on the consolidated concept map. This
map was generated by consolidating all the concept maps
obtained during the interviews of 8-11 July 1987.

Feedback Process: The consolidated concept map is divided
into three sections: Problem Definition, Value System Design,
and System Synthesis. These three sections are actually the
first three steps in solving any problem: first you identify
the problem, then determine the key drivers of the problem,
and finally develop alternate solutions to the problem. I
request that you look at this consolidated concept map in
that light and determine 1f the map "captures" the probtlen.
Feel free to make any corrections, additions, or subtracticns
to this map as you see fit (you may write on it to yocur
heart’s content).

Additionally, I would be interested in any comments you
have about the technique of concept mapping in general. TCo
you feel it is a valuable technique (it helps capture the
problem) or is it just BS5? I have provided space for your
comments below.

Comments:
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EVA Crew Rescue and Retrieval of Detached
and Adrift Equipment Concept Map and AHP Survey

Part 2: Attribute Assessments

Purpose: The purpose of this section of the survey is to
obtain your assessment and prioritization of selected system
attributes. These attributes were generated directly from
the consclidated concept map and will be used to evaluate the
various candidate rescue/retrieval systems which help solve
the problem.

Survey Process: This part of the survey is based on the
Analytical Hierarchy Process (AHP) developed by Thomas L.
Saaty. This process solicits a preference choice between
paired attributes and builds these choices into an overall
attribute weighting function.

Your involvement in AHP is to rate given pairs of
attributes according to a provided scale (see Table IX).
These attributes will be rated according to the importance of
the first attribute to the second attribute in solving the
prablem of EVA crew rescue of equipment retrieval.

If you feel the first element in a pair (Attribute A} is
more important than the second element (Attribute B), then a
positive number from the scale should be used. Conversely,
if you feel the first element (Attribute A) is less important
than the second element (Attribute B), then a negative number
from the scale should be used. To illustrate this rating
system, I have included the following example which deals
with the problem of making pop corn.

Suppose you are asked to rate the importance
of good quality pop corn (Attribute A) to that of
a constant source of heat (Attribute B) in the mal i
of pop corn. If you feel the Attribute A (the zu.l::
of the corn) is favored very strongly over Attrit ¢
(the constant heat source) in the process of po; .
corn, then you would assign a value of +7 to ¢
pairwise comparisan. However, if you feol
Attribute B (the constant heat socurce) i
mare important than Attribute A (thea o .00
corn) in the process of popping cor .
assign a value of -3 to that pairw:

Remember the following rule:

If Attribute A is more 17
positive numbers. But if atér ot
Attribute A, use negative
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Additionally, these pairwise comparisons are independenrt
of each other. The ratings of one pairwise comparison should
not influence the ratings of the next pairwise comparison.

The guestion to be answered in doing these pairwise
comparisons is: Given the objective of finding the best way
to rescue EVA crewmembers and/or retrieve detached and adrift
equipment from the space station, how much more strongly does
Attribute A influence the selection of a Rescue/Retrieval
System than does Attribute B ?

Attribute Definitions:

Safety: This attribute is difficult to define.
However, in this case we shall consider it to be the freedom
the Rescue/Retrieval System provides from making the
situation worse or from endangering other crewmembers. For
example, we might say that a system has a 98% chance of not
making the situation worse.

Response Time: This attribute is the time it takes tor
the system to detect the separatiorn of an object and begin
the physical process of returning or rendering the object
"safe.” In the case of a free-flyer, response time is the
time from object separation from the space station to the
Rescue/Retrieval systems separation from the space station.

Reliability: This attribute is defined as the
probability that the Rescue/Retrieval system will
successfully perform ite’ basic function of reaching the
object (or having the object reach it) and returmn the object
to the space station or render the object "safe” (meaning it
will not pose a threat to the space station).

Availability: This attribute is the accessibility of
the system and its’ being usable when needed. For e:ramples
if the system is required to be available 904 cf the tim=,
then it can be "down" for repairs 10% of the time. The trick
is to insure that the system is not "down" when needed.

Maintainability: This attribute is a measure of the
serviceability of the Rescue/Retrieval system. It is
traditionally a measurement of the time it *akes tou repair ar
service the system.
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Pairwise Comparison:

Remember:
- Use the scale found in Table 1
- If Attribute A is more important than Attribute B
use positive number
- If Attribute B is more important than Attribute A
use a negative number
— The key question is: Given the objective of
finding the best way to rescue EVA Crewmembers and/or
retrieve detached and adrift equipment from the space
station, HOW MUCH MORE STRONGLY DOES ATTRIBUTE A INFLUENCE
THE SELECTION OF A RESCUE/RETRIEVAL SYSTEM THAN DOES
ATTRIBUTE B ?

Survey Itself:

ATTRIBUTE A ATTRIBUTE B RATING
Safety Response Time
Safety Reliability
Safety Availability
Safety Maintainability

Response Time Reliability

Response Time Availability

Response Time Maintainability

Reliability Availability

Reliability Maintainability

Availability Maintainability

Check this box if you would like a
copy of this thesiszs sent to you. It
will be available in January 17E83.
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Cc. Survey Results. Y0 Ky

The results of the AHP Attribute Assessment Survey arc e
provided below. The geometric mean was calculated on the raw ‘ ;‘
data to develop the pairwise comparison matrix. For the AR

& pairwise comparisons: S=Safety, RT=Response Time, ‘&?

'.
J
R=Reliability, A=Availability,and M=Maintainability. X ;:"{'

@: TABLE X 5&)‘

SURVEY RESULTS K

Pairwise Geometric w
Comparisons Raw Data Means ®

3.00 ;'-"ﬂ 2

1.56 Ly
2.46 fzf._i.\' _
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0.85 DO
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D. Review of Contractor Proposed Solution Sy<tems

This appendix reviews the NASA provided contractor
proposed solution systems to the problems of EVA crew rescue
and equipment recovery. These proposed sysiems represent the
concept synthesis (brainstorming) section of the Hall
Morphology of Systems Engineering. As, such, they are limited
in the technical description and they do not present a
systems engineering solution to the problem, but rather
individual subsystems which could be a portian of an overall

rescue/recovery system.
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Contractor Proposed Solution Systems

Short Range Contractor Proposed Systems

Numerous contractor concepts were presented for short
range ~escue operations. Many dealt with assisting EVA’s
rather than with crew rescue or equipment recovery. These
were eliminated from consideration in this thesis.
Additionally, many of the contractor concepts were repetitive
ideas. A consolidated concept will be reviewed in these
cases. The short range systems can be broken down into EVA

Self Rescue Systems and Space System Supported Systems.

EVA _Self Rescue Systems. These systems bhave an

astronaut who i1s floating away rescue himself. The
contractor proposed solution concepts are as follows.

Hand Held Propulsion Device. This device is a

continuation of the hand held propulsion devices tested
during the Gemini and Skylab programs. The advantages of
this device are relatively low cost, but disadvantages
include the devices difficulty to control, added bulk faor EVA
crewman, and a cooperative astronaut being required (2t:11).

Portable Aerosol Jet. This device 1s an aevoascl

gas can which mounts on any structure and can have 1ts”’
nozzle pousitions controlled by radio link (18:3). Ndvantages
are in low cost, but disadvantages ococur in safety,

reliability, and ease of uze (18:23).
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Safety throw line/rescue line. These are systems

where the astronaut requiring rescue attempts to attach a
line to the space station. Advantages are low cost.
Disadvantages are low reliability, safety, and ease of use

(18:23).

Yelescope Pole Hook. This device uses a pole with

hook to grasp the space station. Then the astronaut
requiring rescue pulls himself in. The advantage and
disadvantages for this device are much the same as for the

satety throw line (18:23).

Space Station Supported Systems. These are short range

systems which require someone other than the astronaut
requiring rescue to operate. These contractor proposed
solution are as follows.

Safety Net/EVA Net Enclosures. This system calls

for safety nets to be deployed around the area where EVA 19
to occur. While, these systems are low cost, and provide a
positive enclosure, they are difficult to install and could
complicate crew aperations (21:10). However, for special
projects, like building a spacecraft in aorbit for a martian
mission, these nets may well prove of great value in reducing
lost i1tems and protecting the vehicle being built.

Redundant Tethers/Double Tethers. This device

calls for the use of the tethers, redundant to the curront

one, for EVA operations. This system has the advantages of
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positive capture, but disadvantages are in crew discomfort
and increased the time for comnection and disconnection of
the system. Astronauts do not consider this an acceptable
system (21:10).

Boom Extender. This system is an extendable/

retractable boom structure which provides a means for EVA
crewmember stabilization for rescue (see Figqure 16)
(19:5518:4). The system has low safety and limited

flexibility (18:23).

.
D

'BOOM' EXTENDER

Fig. 16. Boom Extender (19:3)

Mobile Remote Manipulation System (MRMS). This

system 1s the space station version of the successful space
shuttle RMS. The system has the remote manipulator system
like the shuttle (for captures/grasping of object) but can
also transverse along the space station (Figure 17) (19:3).

Advantages are the systems safety, ease of use, and
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dexterity. Disadvantages are the slow response time (18:23). Lol

'vﬁ§ﬁ§
o \ﬁ

REMOTE MRMS

Fig. 17. MRMS (19:4)

Smart End Effector for MRMS. This system is an ‘; -
NG,
automated robotic manipulation and service unit attached to g?{}:
NP S
= RYERRSRY,
x the Remote Manipulator Arm (19:5). Although this system has ;.,f-:,gi;:._
the same range and response time limits as the MRMS. The ° _
LACHAY
[P Ay
addition of the smart end effector does allow for the easier ﬁ?}ge'
LR L4
.
Vol AN
;. grasping of objects by the MRMS. ?dgﬁﬁ
&: w, '.-':;\

Net E jector System. This is a rescue device which

propels a blanket netting towarcds a stranded EVA crewmember

allowing him to restrain himself to the netting as 1t is

F.

retracted back to the space station (Figure 18) (19:9). The
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advantages of this system and its response time and
simplicity. However, it has problems in that it requires a
cooperative astronaut and that when the net hits the
astronaut, it exerts an unpredictable force on the astronaut.
This force could well make the situation worse by propelling
the astronaut away from the space station or by causing

injury to the astronaut.

%‘lﬂ

NET EJECTOR Y

Fig. 18. Net Ejector System (19:3)

Rescue_ Tethered tUnit/Guided Tether. This system

consists of a self reeling tether attached to a free-flying
unit. This system flies out to the astronaut requiring
rescue, allows the astronaut to grasp 1t, and then reels
itself back to the space station (Figure 12)(12:5). The
advantages of this system are its ease of uses, low technical

risk, and positive attachment to the space station.
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Disadvantages are that the drifting astronaut must grasp the ﬁg}ﬁd

W 1
O] 4
.

' system and that the system has no capability tao capture

drifting aobjects (18:23). MMl
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RESCUE TETHERED UNIT st

Fig. 19. Rescue Tethered Unit (19:3) ®

AR
Lo

% "

o Enclosed Cherry Picker. This system, attached to

A
W
)

-

the MRMS, provides a pressurized environment for a crewmember

to operate the attached manipulator arms/ends effectors and

LAl S8

ﬁ gloved hand manipulative capability (Figure 20)(12:5). This

g/
L]

system has the same maneuvering and range limitation of the

MRMS, but also the flexibility and dexterity of being a D, )

v-.: \
manned system. '&' ol
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not need to provide a pressurized

However,

ENCLOSED CHERRY

Enclosed Cherry Picker

1t does

20.

Fig.

Open Cherry Picker.
(Figure 21)(19

enclosed cherry picker having the same manipulator arms and
disadvantages for this system are very much like the enclosed

being attached to the MRMS,
astronaut

cherry picker system.
complex because
environment.
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Rescue Line/Life Ring. This system is much like
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the EVA self rescue safety throw line, except in this case,

h)
Y
L[]

the rescue line is propelled to the drifting astronaut by a
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second EVA astronaut (18:3). This system is similar to the
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system is its simplicity and ease of use. Disadvantages are ®
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its uncontrollability and low reliability (18:23).
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Unmanned Free-Flvers. All these systems use a robotic

system designed to perform rescue/recovery operations. A3
such many are similar to the EVA Retriever. Such systems are
the Generic Space Robot, and Astrobot (which will be examined
together).

Generic Space Robot and Astrobot plus EEU. These

robotic systems, have a robot driver mated to either the MMU
or Extravehicular Excursion Unit (EEU). (The EEU 1is
basically an updated version of the MMU which has greater
fuel capacity.) Both these robotic free-flyers come complete
with grasping manipulator arms and remote control senscrs
(television cameras). The difference between them i3 that
the Generic Space Robot also has provisions for an automatic
center of mass compensator (thig allows for more efficient
use of fuel). Figure 22 shows the basic configurations of
these systems. Advantaqes of this type system are its
safety, quick response time, versatility, and multiple
mission applications (18:10). Disadvantages are their

limited ability to recover small drifting objects.
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"ASTROBOT" CREW/EQUIPMENT
("SMART" FRONT END) RESCUE SYSTEM

Fig. 22. Astrobot plus EEU (20:8)

Telerobotic Vehicle. This system call for a remote

controlled free-flyer like the one shown in Figure 23. Thig
system uses a cold gas propellent system and i1s designed to
either grasp the object, with a manipulator arm or have an
astronaut requiring rescue grab and hold onto it (21:18).

The advantages of this system is 1ts safety and relatively
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large amount of usable propellant. Disadvantages are in its

limited applications in recovering drifting objects, and its

low reliability in recovering noncooperative astronauts.
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Fig. 23. Telerobotic Vehicle (20

: )

Prox—-0Ops~Vehicle. This vehicle, shown

24, 1s a remotely controlled free-flyer which
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primarily to perform the satellite servicing function done at
the space station, however, it can also perform
rescue/recovery operations (19:2). This system has
advantages of safety, quick response time, and
maneuverability. Its disadvantages are i1ts high cost and low

reliability (18:23).

PROX-OPS-VEHICLE

Fig. 24. Prox-0Ops—-Vehicle (19:1)

Free-Fly Independently Directed Excursion Unit.

This 1s a tele-operated robotic system with smart front end
consisting of video camera, manipulator arms, and the
processing/analyzing necessary to carry out space station EVN

functions (See fFiqure 295) (19:2). This system has the same
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advantages and disadvantages as do the Generic Space Robot dJ%gEﬂ
and Astrobot. Its only difference is that it does not use AN o)

the MMU or EEU as its propulsion unit.
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-. . -J
‘? Manned Free-Flyers. These contractor proposed manned N
systems are designed for rescue/recovery operations within e -

the prox-operations zone of the space station. o)

Manned Maneuvering Unit (MMU). This manned system pﬁh

consists of a self-contained backpack with all the necessary ®
systems to allow an EVA astronaut to fly untethered in space i;V\
of a short distance from the space station or space shuttle DN

(40:1). This system has been flown aon several space shuttle e
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mission and is a proposed rescue/recovery system (19:2).
Flight experience and simulation results indicate that this
system can be used for an orbit rescue/recovery operations

However, because this is a manned system,

does jeopardize an additional EVA astronaut and thus the
decision to use the MMU needs to be carefully thought out.
Figure 26 shows a representation of the MMU performing EVA

crew rescue.

MML) EVA Crew Rescue

Extravehicular Excursion Unit This manned

system is the next generation of the MMU. Its major change
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is the greater fuel capacity it possesses (20:7). This
system (Figure 27) has the same advantages as the MMU except
that it can perform rescue/recovery operations at a greater
range. However, it also suffers the same disadvantages

{manned system and slow response time) (20:10).

EXTRA VERICULAR
EXCURSION UNIT
(EEV)

Fig. 27. Extravehicular Excursion Unit (19:1)

Homing Unit Plus EEU. This system calls for a

caution and warning sensing unit to be attached to the EEU.

This sensor would alert the EVA crewmember when he/she enters

a zone which i1s out of the rescue range of any of the upace
station supported rescue system (Figure 28) (17:2).

Advantages of this system are its low cost, reliabilaty,
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maintainability, and serviceahility. Disadvantages are that
it is only a warning device, not capable of actually

performing rescue (18:23).

HOMMING UNIT EEU

Fig. 28. Homing Unit Plus EEU (19:1)

Man—In-Can. This manned rescue/recovery system 1s
a detached version of the Enclosed Cherry Picker (see Figure
29). As such, it still provides the pressurized environment,
end effectors, and gloved hand manipulative capacity of the
cherry picker, but also has propulsion units to provide for
maneuver ing around the space station (12:2). The advantayes
and disadvantages for this system are similar to the MMU and
EEU, however, this system 1s more complex because it is a

pressurized vehicle.
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MAN-IN-CAN

Fig. 29. Man-In-Can (19:1)

Manned Rover. This system 15 a maneuvering
vehicle, operated by an EVA crewmember which can carry
equipment 1n close proximity to the space station (Figure 30)
(12:2). This vehicle 1s analogous to that of having a small
tractor for use around the house. Again, the advantages and
disadvantages for this system are similar to those of the MMU

and EFELU).
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Fig. 30. Manned Rover (19:1)

Lonq Ranqe Systems.

These systems were included in the thesis at the request
of the NASA Space Station Office at Johnson Space Center
(28). The description of the OMV is found in Chapter 5 of
this thesis, the remaining systems are defined below.

575. The Space Transportation System (aka. Space
Shuttle) is the only proven recovery system. The shuttles
design allows for the system to be flown to the vicinity of a
drifting object (where either the Remote Manipulative System
(RMS) or an EVA crewmember can grasp the object (see Figure
31). The advantages of this system are its reliability and
proven space safety. Disadvantages include the fact that the
shuttle will not always be present at the space station and
that even 1f present at the space station, the shuttle may

not be availlable for rescue/recovery operations.
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ORBITER SPECIFICATIONS
Length: 121 feet
1~ — Width: 79 fect
Cargo Bay: 60 feet by 15 feet

Weight: 75 tons 5 ORERE
g BAGIR

—t N ERRN COLN:

_ EXTERNAL TANK PRSI

. Height: 154 feet ,.‘;~.:_\:_\'_\
— Weight: 1.6 million pounds (full) IR
) :..‘.):**

SOLID ROCKET BOOSTERS (SRBs) SN AN
. Height: 149 feet ;'K.'.i'ﬁ' .

Weight: 1.3 million pounds each Ny

N N

S N

Typical mission length: seven to thirty days ‘-:,. :.'-:. :.
_' Typical crew: two to seven people :‘.":; :I:'-P '

‘ Height of orbit: 135-320 nautical miles (most missions) RGN Ny

n . . -‘
Speed in orbit: 17,550 mph (at 150 miles) Nt N

Payload capacity: 65,000 pounds

Launch and landing sites: Kennedy Space Center, Fla. ,‘-': B
Vandenberg Air Force Base, Calif.

Principal tracking station: White Sands, N. M.

Mission Control: Johnson Space Center, Texas ,\'_'.'F\.

Fig. 31. Space Transportation System (6:13 3)
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CERV (Crew Emergency Return Vehicle). This NASA space

station program i1s designed to provide an emergency
capability for astronauts at the space station to return to
the earth. ©5till in conceptual development, several
configuration are under study and are discussed below. Of
primary concern with CERV is that 1t is designed to return
crews to earth and is not designed for extensive space
maneuvering. Major modifications to the systems would have
to occur 1in order for them to accomplish rescue/recovery
operations (8).

Discoverer, Gemini, AFE, MOSES, and &6 Man Apnllo.

These five configuration (Figure 32) are designed to re-entoer
the earths atmosphere and parachute to a safe landing. They
are not designed specifically for space maneuvering (alilhough
they do have a limited Reaction Control System) and they have
limited ability to grasp a drifting object (26:40). As such
they would require significant modifications to allow for

such rescue/recovery operations.
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Lifting Body Vehicles and LaRC (Langley Research o

Center) Confiquration. These systems (Figure 33) are

designed to land on the earth is a manner similar to the P

space shuttle. Again,; limited maneuvering capability exists
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with these systems, as does the ability to grasp object.
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This thesis is an analysio of the methods for EVA crew
rescue and recovery of equipment detached and adrift trom the
space station. This top level analysis 1s aimed at
1denti1fying the proper divection to be taken in finding the
solution system to the rescue/recovery problems. This
analysis used the Hall morphnlogy of systems engineering as
the framework for the overall problem.

Within this approach, the technique of concept mapping
was used to define the problem. Specifically, ten
knowledgeable persons from Johnson Space Center were
interviewed and a consolidated concept map of their
understanding of the prohblems was generated. This map
identified the key aspects and relationships between these
aspects. Additionally, this map i1dentified the evaluation
criteri1a to be used in determining the preferred solution
system to the problems.

The evaluation crileria of safety, response time,
reliability, availability, and maintainability were used
within the Analytic Hierarchy Process (AHP) to determine the
preferred directions to take in solving the rescue/recovery
problems.

Results of the analysis indicate that for short range
rescue/recovery operations, both an EVA self rescue device
and a space station supported device are the preferred
solution systems. For medium range rescue/recovery
operations, an unmanned free-flyer i1s the ideal solution
system. Finally, for loung range operations, the Urbital
Mancuveri1ing Vehicle (OMV) is the preferred solution. The
analysis also showed that the combination of all these
preferred solutions is needed to completely solve the
problems. To this end, the analysis provides an example of a
comprehensive rescue/recovery system. Finally, the analysis
identifies issues and recommends areas which require further
analysis in order to fully understand and solve the problems
of EVA crew rescue and recovery of equipment detached and
adrift from the space station.
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